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Abstract
Several countries of the world are facing the problem of aged society. The birthrate
is decreasing since the fertility rate is declining and the people enjoy longer life since the
increasing in life expectancy. Therefore, such society is an aged society (i.e., more percent-
age of population is aged). In addition, considerable number of injured and/or handicapped
population is living in the society. In this society, taking care of physically weak individ-
uals (aged, injured and/or handicapped person) is becoming a major problem. Therefore,
assistive robotic technology is supposed to play an important role in power-assist and reha-
bilitation to make the physically weak individuals' life easy and comfort. An exoskeleton
robot is one of the most effective assistive robot that can assist the motions of the physi-
cally weak individuals from the outside of his body. It is an external structural mechanism
which can be worn by the human user as an orthotic device. It has joints and links which
correspond to those of the human joints and limbs, respectively. The exoskeleton robot
transmits torques to the human joints from the actuators through the exoskeletal links. In
the context of exoskeleton robots, upper-limb exoskeleton robots become the great interest
of the researchers as upper-limb motions are very important to perform daily activities.
This thesis addresses the issues related to development and control of upper-limb ex-
oskeleton robots for assisting the upper-limb motions of physically weak individuals. In the
design of the exoskeleton robots, biomechanically similar motion generation (biomechnical
design) is considered. Issues such as estimation of joint torques using the electromyogra-
phy signals (EMG) of human muscles, generation of natural motion, and efcient power
assist are addressed in the control methods. The research work presented in this thesis is
motivated by the increasing need of assistive robots to assist the daily motions of physically
weak individuals. At the beginning, the thesis explains a review of exoskeleton robots. It
is performed to identify the state of art technologies and the challenges faced. Then, a
three degrees of freedom (DOF) wrist and forearm motion assist exoskeleton robot (named
W-EXOS) is proposed to assist the motions of forearm supination/pronation, wrist ex-
ion/extension and wrist radial/ulnar deviation of physically weak individuals. The wrist
joint of the W-EXOS is designed including the offset of wrist axes. Thereby the W-EXOS
can generate biomechanically similar motion as human wrist. Other than the W-EXOS
in this thesis, the offset of wrist axes has not been considered in other designs of wrist
exoskeletons found in literature.
The electromyography signals (EMG) of human muscles can directly reect the hu-
man motion intentions. Therefore, the EMG signals can be used as input information for
the control of robotic systems. Although intramuscular EMG signals give better muscle
activation pattern than that of the skin surface EMG signals, they are difcult to use prac-
tically, since the procedure is invasive. Therefore, the skin surface EMG signals of the
upper-limb muscles of the exoskeleton user are used as the primary input to control the ex-
oskeleton robots in this study. The signals of the robot sensors are used as secondary input
information to the controller. An EMG-based fuzzy-neuro control method is proposed to
control the proposed W-EXOS. Fuzzy IF-THEN control rules are dened to estimate the
joint torques of the robot using EMG signals. In the proposed control strategy, multiple
fuzzy-neuro controllers are switched moderately according to the angles of motions. Mul-
tiple controllers are used to deal with the changes of muscle activation levels according to
the angles of motions. The controller is required to adapt according to the changes of EMG
signal levels with the person. Adaptation method of the controller is also described.
ii
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Extending the number of DOF of the W-EXOS a 6DOF upper-limb power-assist
exoskeleton robot (named SUEFUL-6) is proposed to assist the motions of human shoul-
der vertical and horizontal exion/extension, elbow exion/extension, forearm supination/
pronation, wrist exion/extension, and wrist radial/ulnar deviation. Although many mus-
cles are involved to generate the upper-limb motions, the performed experiments in this
study prove only sixteen muscles can be used to estimate upper-limb motions. An EMG-
based control strategy is proposed by applying impedance controller to generate natural
motion assist. In the proposed strategy, impedance controller is applied to the muscle-
model-oriented control considering the hand force vector (i.e., hand motion vector). The
muscle-model represents the relationships between joint torques and related EMG activi-
ties. Impedance parameter adjustment method is also proposed to the controller. The effec-
tiveness of the proposed 3DOF and 6DOF exoskeleton robots and their control strategies
have been evaluated by the experiments.
iv
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Recent advances in the robotic technology carry robots out side of the factories that they
started deploying in work. Other than the conventional applications such as manufactur-
ing, military, hazardous environment, and transportation, the robotic technology has been
applying recently in the areas of amusement, rescue, household, medical and welfare etc.
The word robot originated from a Czech word robotawhich has the meaning of work.
There are several different denitions for the term `robot'. The International Organization
for Standardization gives a denition of robot in ISO 8373 as an automatically controlled,
re-programmable, multipurpose, manipulator programmable in three or more axes, which
may be either xed in place or mobile for use in industrial automation applications. The
Robotic Institute of America denes a robot as a re-programmable multi-functional ma-
nipulator designed to move materials, parts, tools, or specialized devices, through variable
programmed motions for the performance of a variety of tasks. With the recent develop-
ments of the robotic technology, the above denitions need to be reconsidered. One of the
rapidly developing application of robotic is in medical and welfare elds. Welfare robots
also include rehabilitation robots and assistive robots. An exoskeleton robot is one of the
rehabilitation and assistive robot which also can be used for other purposes such as human
power augmentation, haptic interaction and virtual reality applications. It is a brand new
type of a man-machine intelligent system. Over the decades researchers have been making
effort to embed the intelligence to the robots. Advancement of exoskeleton robot technol-
ogy is a milestone of this effort since the exoskeleton robot is a man-machine intelligence
system. The exoskeleton robots fully combine the human intelligence and machine power.
Therefore, not only the intelligence of the robot but the power of human user is also get
enhanced.
1.1 Robotic System
Typically, a robotic system consists of mechanical manipulators, end effectors, controllers,
a computer, and sensing devices. A mechanical manipulator is made up of several links
connected by joints. Some of the joints in manipulators are actuated where as others are
non-actuated. Actuated joints are called as active joints and others are called as passive
joints. Generally, the number of actuated joints is equal to the number of degrees of free-
dom (DOF) for the proper control of the robot. The devices that are attached to the output
link of mechanical manipulators are termed as end effectors. Their functions are grasping,
lifting, and manipulating objects and/or workpieces. An end effector is a mechanical inter-
face between a mechanical manipulator and its environment. A robot controller may range
from low-level controllers like proportional-integral-derivative (PID) controller to a high
level model-based intelligent controllers. Potentiometers, encoders, and/or tachometers are
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used to measure relative motions between two moving or rotating bodies for the purpose of
feedback control. Advanced controllers may require input information from force/torque
sensor and/or touch sensor signals along with a vision system or other sensors. Addition-
ally, a controller is often equipped with a teaching device to teach positions and to interface
with a computer.
1.2 Motivation
In present and coming society of the world, number of aged population and the percentage
of aged population are increasing rapidly [1]. The main reason of this rapid increment
of aged population is the decrease in the total fertility rate and the increase in the life
expectancy. Figure 1.1 shows trends of total fertility rate and life expectancy over the
years. The total fertility rate is estimated to be reduced from 3 children per woman to 2
children per women in 2040-2050 [2]. The life expectancy is estimated to be increased from
60 years to 75 years in 2040-2050 [2]. Figure 1.2 graphically shows numbers of the aged
population in world from 1950 to 2050. It further depicts the world aged population in more
developed and less developed regions. The graph clearly shows the world aged population
is increasing irrespective of the development of the regions. In Japan, the percentage of
the aged population will grow from 17.4% in 2000 to 25% in 2014, meaning that this
age group will comprise one-quarter of the population of Japan [3]. It will reach 27.0%
in 2017. The aged population will reach 34 million in 2034. They continue to increase
after 2018 impacted by the low fertility rate, and eventually reaches 30 plus-percent in
2033. The increase persists, reaching 35.7% in 2050; that is, 1 in 2.8 persons will be
over 65 years of age. Most of the aged people are physically weak. There is a large and
growing number of persons with disabilities in the world today. The estimated gure of 500
million is conrmed by the results of surveys of segments of population, coupled with the
observations of experienced investigators [4]. In most countries, at least one person out of
10 is disabled physically, mentally or suffering from sensory impairment, and at least 25%
of any population is adversely affected by the presence of disability. In addition, physical
disabilities such as full or partial loss of functions in shoulder, elbow or wrist also occur
due to disease processes including trauma, sports injuries, occupational injuries, spinal cord
injuries, and strokes. World Health Organization reports that more than 20 million people
are affected with stroke every year worldwide and about 85% of stroke patients incur acute
arm impairment and another 40% of victims are chronically impaired [5].
With the increase in number of physically weak people (aged, injured, slightly dis-
abled or handicapped) the working population is decreasing and taking care of physically
weak individuals is becoming a problem. In this situation, physically weak people are
forced to take care of themselves. Assistive robotic technology plays an important role in
rehabilitation and power-assist of physically weak people. These people who either have a
loss of strength, control, dexterity or any combination in which a robotic device can be used
to assist their daily activities. The exoskeleton robot is one of the robotic devices which is
able to assist the limb motions of physically weak individuals.
The upper-limb motions are very important to perform daily activities. Assisting the
motion of the upper-limb of physically weak people brings a lot of benet to ease their
daily lives and make them more productive to the society. Therefore, many upper-limb
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Figure 1.1: Total fertility rate and life expectancy at birth in the world from 1950 to 2050 [2].










Figure 1.2: Aged population (60 years or over) of the world, more developed regions, and less
developed regions from 1950 to 2050 [1].
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exoskeleton robots [31]-[83] and their control methods [86]-[95], [43], [62], [70] have
been developed to the present state. However, most of the exoskeleton robots are still at
the experimental stage or clinical levels. More research effort is essential to convert them
to commercialized products.
Identication of human motion intention is very important to design controllers for
power-assist exoskeleton robots. The electromyography (EMG) signals are biological sig-
nals which are generated to activate human muscles. EMG signals can directly reect
human motion intentions. Therefore, EMG signals can be used as an input information for
the control of robotic systems [84]-[95]. Many control methods have been developed for
exoskeleton robots taking EMG signals as input information [86]-[94]. However, still many
challenges associated with their development have yet to be perfected. Specially, efcient
methods are required to derive the joint torques using the EMG signals. Also the controller
of the robot should be generated natural motions assist of upper-limb.
The objective of this thesis is to address the issues related to the development and con-
trol of upper-limb exoskeleton robots to assist the upper-limb motions of physically weak
individuals. Accurate estimation of joint torques using the EMG signals and generation of
natural motion assist are considered in the control methods. Issues such as biomechanically
similar motion generation and safety are addressed in the design of the exoskeleton robots.
The research work of this thesis is motivated by the increasing need of assistive robots to
assist the daily motions of physically weak individuals and opportunities available for the
technological advancement in exoskeleton robot technology.
1.3 Contributions of the Thesis
The research work presented in this thesis addresses the issues related to the development
and control of upper-limb exoskeleton robot to assist the upper-limb motions of physically
weak individuals. The major contributions of this thesis are outlined as follows:
² Propose a novel 3 degrees of freedom (DOF) human upper-limb power-assist ex-
oskeleton robot for human forearm supination/pronation motion, wrist exion/ exten-
sion motion, and wrist radial/ulnar deviation motion. The wrist joint of the exoskele-
ton robot is specially designed to generate biomechanically similar motions as human
wrist. In addition, the hand-robot interface is designed to eliminate the disturbance to
the nger motions.
² Propose an EMG-based fuzzy-neuro control method with multiple fuzzy-neuro con-
trollers. The relationship between each joint toque and related muscle activity levels
are dened by fuzzy rules, which estimate each joint motion separately. The con-
troller is designed to cater the problems of EMG signal differences in accordance
with the angle of motion of each joint by applying multiple fuzzy-neuro controllers.
² Prove only sixteen muscles can be used to estimate upper-limb motions although
many muscles are involved to generate the motions. In addition, the muscles are
identied to separate some basic upper-limb motions.
² Develop a 6DOF human upper-limb power-assist exoskeleton robot for shoulder hor-
izontal and vertical exion/extension, elbow exion/extension, forearm supination/
pronation, and wrist exion/extension and radial/ulnar deviation. In the mechanical
design, axes offset of wrist and moving center of rotation of shoulder are considered.
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² Develop a control method to the 6DOF exoskeleton robot to obtain the exible and
natural motion assist for physically weak persons. In the control method, impedance
controller is applied to the muscle-model-oriented EMG signal based control method
by considering the end effector force vector (i.e., hand motion vector). Real time
impedance parameter adjustment method is also proposed for the controller.
1.4 Thesis Overview
The thesis consists of six other chapters. The contents of each chapter are stipulated as
below.
Chapter 2: Literature Review
This chapter covers the background information of upper-limb exoskeleton robots and the
literature review. Initially, biomechanics of human upper-limb towards the design of an
upper-limb exoskeleton robot is described. Then, the requirements, design difculties,
performance evaluation methods, and actuation and power transmission technologies of an
upper-limb exoskeleton robot are explained. A review of related work is presented at the
end.
Chapter 3: Proposal of a 3DOF Upper-Limb Exoskeleton Robot
A 3DOF upper-limb exoskeleton robot is proposed in this chapter. Mainly, the design and
the development of the 3DOF upper-limb exoskeleton robot are described. In addition, the
evaluation of the mechanical design of the exoskeleton robot is presented.
Chapter 4: Control Strategy of the 3DOF Exoskeleton robot
An EMG-based fuzzy-neuro control method is proposed here. The performed experiments
to select muscles for EMG extraction are depicted and also designing of the fuzzy rules to
distinguish each forearm and wrist motion is explained. In addition, the adaptation tech-
nique used for the controller is presented. The experimental evaluation of control method
is presented in the nal sub section.
Chapter 5: Development of a 6DOF Upper-Limb Exoskeleton Robot
This chapter explains the development of a 6DOF upper-limb exoskeleton robot. The me-
chanical design of the robot is also evaluated in this chapter.
Chapter 6: Impedance Control Method of the 6DOF Exoskeleton Robot
This chapter explains the proposed control method for the 6DOF exoskeleton robot. At
rst, experiments are performed with motion capture system to identify the minimum
number of muscles for the estimation of upper-limb motions. The concept of the muscle-
model-oriented control method is explained. Impedance control technique is applied for
the muscle-model-oriented control method to control the SUEFUL-6. Impedance param-
eter adjustment is carried out by considering the upper-limb posture and EMG signals of
monitored muscles. The experiments and its results are presented at the end of the chapter.
Chapter 7: Discussion
The nal chapter includes new contributions of the thesis, the conclusion, a brief discus-
sion, and suggestions for the future directions.
Chapter 2
Literature Review
The exoskeleton robot is an orthotic device which is worn by the human user. It has external
structural mechanism with joints and links correspond to those of the human body. It is
a kind of a man-machine system centered by the human user. Since exoskeleton robots
combine the intelligence of human user and the power of machine, it enhances the machine
intelligence and power of the human user. As the name implies the upper-limb exoskeleton
robot is an exoskeleton robot that can be worn on the upper-limb of the human user.
The exoskeleton robots were studied for the purposes of industrial or medical appli-
cations in the 1960s and 1970s [6]-[11]. Hardiman [8], which was the rst whole body
exoskeleton robot, was actuated by hydraulic actuators and was supposed to be driven by a
human operator from the inside of exoskeleton. In addition, some exoskeleton robots were
proposed to extend the strength of the human force [12], [16] in early 1990s. With the
advances in recent technology in the elds of mechanical engineering, electronic engineer-
ing, biomedical engineering, and articial intelligence the exoskeleton robot technology
has acquired a rapid development in recent years. As a result, many upper-limb exoskele-
ton robot systems [31]-[83] and lower-limb exoskeleton robot systems [96]-[104] have been
proposed for rehabilitation, haptic interaction, human-amplication and/or power-assist of
physically weak individuals.
This chapter explains the biomechanics of human upper-limb towards the develop-
ment of an upper-limb exoskeleton robot. Requirements and the design difculties of an
upper-limb exoskeleton robot are identied. Further, performance evaluation methods and
actuation and power transmission technologies of upper-limb exoskeleton robots are briey
outlined. The state-of-art upper-limb exoskeleton robots are briey reviewed.
2.1 Biomechanics of Upper-Limb - Towards the Design of an Exoskele-
ton Robot
Human upper-limb is made up of skeleton, muscles, nerves, skin etc. The skeleton mainly
consists of clavicle, scapula, humerus, radius, ulna, carpal bones, metacarpal bones, and
phalanges. Human upper-limb is shown in Fig. 2.1. It mainly consists of shoulder complex,
elbow complex, and wrist joint. In addition, the hand consists of ngers which have several
joints. Human upper-limb mainly consists of 7DOF: 3DOF in the shoulder, 2DOF in the
elbow, and 2DOF in the wrist [116]. The main motions of upper-limb are shoulder ex-
ion/extension, abduction/adduction, and internal/external rotation; elbow exion/extension,
forearm supination/pronation, wrist exion/extension, and wrist radial/ulnar deviation.
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Figure 2.2: Anatomical planes of human body.



























Figure 2.3: Shoulder complex and shoulder motions. (a) Shoulder anatomy. (b) Shoulder ex-
ion/extension motion. (c) Shoulder abduction/adduction motion. (d) Shoulder inter-
nal/external rotation.
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2.1.1 Shoulder Complex
Anatomical planes of the human body are illustrated in Fig. 2.2 to easily explain the shoul-
der motions. The shoulder complex and its main motions are illustrated in Fig. 2.3. Human
shoulder consists of three bones: the clavicle, scapula and humerus, and four articulations:
the glenohumeral, acromioclavicular, sternoclavicular and scapulothoracic, with the thorax
as a stable base [17]-[20]. The glenohumeral joint is commonly referred as the shoulder
joint. The sternoclavicular joint is the only joint that connects the shoulder complex to the
axial skeleton. The acromioclavicular joint is formed by the lateral end of the clavicle and
the acromion of the scapula. The sternoclavicular joint is a compound joint which has two
compartments separated by articular disks. It is formed by the parts of clavicle, sternum,
and cartilage of the rst rib. In true sense, the scapulothoracic joint can not be considered as
a joint as it is a bone-muscle-bone articulation which is not synovial. It is formed by the fe-
male surface of the scapula and the male surface of the thorax. However, it is considered as
a joint when describing the motions of the scapular over the thorax [17]. Basically, shoulder
complex can be modeled as a ball-and-socket joint. It is formed by the proximal part of the
humerus (humeral head) and the female part of the scapula (glenoid cavity). However, po-
sition of the center of rotation (CR) of shoulder joint changes with the upper-arm motions.
The main motions of the shoulder complex, which are provided by the glenohumeral joint,
are shoulder exion/extension, abduction/adduction and internal/external rotation. Shoul-
der exion is dened as the movement in the anterior-posterior plane [see Fig. 2.3(b)] to
increase the angle between upper-limb and front of the body. Opposing motion is shoulder
extension. Shoulder abduction/adduction is carried out in frontal plane of the body [see
Fig. 2.3(c)]. Medial to lateral swing of the upper-limb is shoulder abduction where as the
opposing swing is shoulder adduction. Rotation of the upper-arm towards inside of the
body is shoulder internal rotation or medial rotation where as opposing motion is shoulder
external rotation or lateral rotation [see Fig. 2.3(d)].
Average movable ranges of human shoulder are 180 degrees in exion, 60 degrees
in extension, 180 degrees in abduction, 75 degrees in adduction [31]. Average movable
ranges of shoulder internal and external rotation are 100-110 degrees and 80-90 degrees,
respectively [35].
2.1.2 Elbow Complex
The elbow complex and its motions are shown in Fig. 2.4. Elbow complex includes the
elbow joint and the radioulnar joints. The elbow joint is a compound joint consisting of
two joints: the humeroradial, between the capitulum and radial head, and the humeroulnar,
between the trochlea and the trochlear notch of the ulnar. The humeroradial joint is a
ball-and-socket joint. However, its close association with the humeroulnar and superior
radiaulnar joint restricts the joint motion from 3 to 2DOF. As a whole, the elbow complex
allows 2DOF, exion/extension and supination/pronation [17]-[19], [21]. In the elbow
exion motion, the angle between the forearm and the upper arm is decreased where as in
extension motion the angle is increased [see Fig. 2.4(b)]. Pronation is the motion between
the radius and ulna which permits the rotation of the distal end of the radius from the
anatomical position across the anterior surface of the ulna. In pronation, the wrist and hand
are moved from palm-facing-front to palm-facing-back [see Fig. 2.4(c)]. The opposing






















Figure 2.4: Elbow complex and elbow motions. (a) Elbow anatomy. (b) Elbow exion/extension
motion. (c) Forearm supination/pronation motion.
movement, which turns the palm forward, is supination. Average movable ranges of the
human elbow are 5 degrees in extension, 145 degrees in exion. Forearm supination and
forearm pronation each has average movable range of 90 degrees [37].
2.1.3 Wrist Joint
Figure 2.5 illustrates the wrist joint and its motions. The wrist, or carpus, is a deformable
anatomic entity that connects the hand to the forearm. This is a collection of eight carpal
bones and the surrounding soft tissue structure. The wrist contains several joints includ-
ing the radiocarpal joint, several intercarpal joints and ve carpometacarpal joints. The
radiocarpal joint is a condyloid joint formed by the end of the radius and the three carpal
bones: the scaphid, the lunate, and the triquetrum. The wrist joint possesses 2DOF: ex-
ion/extension and radial/ulnar deviation. Wrist exion is the bending of the wrist so that
the palm approaches the anterior surface of the forearm. The opposing movement is exten-
sion. Wrist abduction or radial deviation is the bending of the wrist to the thumb side. The
reverse movement is adduction, or ulnar deviation. Wrist motions are performed around
an instantaneous center. The path of the centrode is small, however, customarily, the dis-
placement of the instantaneous center of rotation is ignored and the rotation axes for the
exion/extension and radial/ulnar deviation are considered xed. The axes pass through
the capitate, a carpal bone articulating with the third metacarpal bone. Although it is con-
sidered that the wrist joint motions are generated with respect to two axes, some research
[23] has proved that the motions are generated in four axes (i.e., each wrist exion, wrist
extension, wrist radial deviation and wrist ulnar deviation has different axes). The rotation
axes of the exion/extension motion and the radial/ulnar deviation have slight offset [22]-
[26]. Average movable ranges of wrist are 60 degrees in extension, 70 degrees in exion,
and 35 degrees in ulnar deviation, and 25 degrees in radial deviation [37].























Figure 2.5: Hand and wrist joint motions. (a) Hand anatomy. (b) Wrist exion/extension motion.
(c) Wrist radial/ulnar deviation.
2.1.4 Fingers
The joints of the ngers are shown in Fig. 2.6. They are the metacarpophalangeal (MCP),
proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints. The MCP joints
have 2DOF and the interphalangeal joints are 1DOF joints. The male surfaces of these
joints are always on the bones that are proximal to the joint. The interphalangeal joints
have xed centers of rotation. The center of rotation of the MCP joint moves with the
rotation of the joint [27], [28]. The thumb is different in anatomically from the other
ngers. It contains three joints; the carpometacarpal (CMC), metacarpophalangeal (MCP),
and interphalangeal (IP). The CMC joint is a saddle joint with two axes of rotation. More
details of thumb joint can be found in [29], [30].












Figure 2.6: Finger anatomy. A nger has a metacarpophalangeal joint and interphalangeal joints.
2.2 Requirements of an Upper-Limb Exoskeleton Robot
The requirements of an upper-limb exoskeleton robot differ in accordance with the usage
of the robot such as rehabilitation, power assist, human power amplication and/or haptic
interaction. The important requirements of an upper-limb exoskeleton robot are briey
discussed in this section.
The main requirement of any system that interact with the human is the safety. As
the upper-limb exoskeleton robots are also directly interact with the human user, safety is
the highest priority. In addition, several another requirements have to be fullled. The
wrist motion assisted exoskeleton robot should provide the axes deviation of wrist ex-
ion/extension axis and wrist radial/ulnar axis. Also wrist joint should have four axes for
wrist exion, extension, radial deviation, and ulnar deviation to generate biomechanically
similar natural wrist motions. Movement of the center of rotation of shoulder joint ac-
cording to the upper-arm motions must be considered to cancel out the ill effect caused by
that in design [31]. If upper-arm motions also have to be assisted by the robot as well as
forearm motion (i.e., if the exoskeleton robot has to be attached to both forearm and upper-
arm of the user), a mechanism that allows moving of the center of rotation of the shoulder
joint must be considered [31] in the upper-limb exoskeleton robot. This mechanism should
reduce the ill effects caused by the position difference between the center of rotation of
the robot shoulder and the human shoulder. The hand-robot interface should be designed
to eliminate the disturbance to the nger motions. The links, cables, pulleys, other me-
chanical components, and motors of the exoskeleton robot should be located to eliminate
interference during upper-limb motion of the robot and the user. Moreover, the mechan-
ical singularity should not occur within the workspace of the robot. The robot should be
designed for the easy and the comfortable wear.
2.3 Design Difculties of Upper-Limb Exoskeleton Robots
There are many difculties associated with the development of a proper upper-limb ex-
oskeleton robot. Most of them are caused by the anatomy of the upper-limb. Shoulder
complex is one of anatomically complex area in the human body. Its center of rotation
is changing with its motions. If the robot generates the shoulder motion and is directly
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attached to the upper-arm of the user, the architecture of shoulder mechanism is very im-
portant. Designing of a proper shoulder mechanism for an upper-limb exoskeleton robot
to change its center of rotation with its motions has become one of the difculties to be
resolved. Although some designs [31], [38] have proposed partial solutions for the shoul-
der complex, more research is essential to develop a proper shoulder joint of upper-limb
exoskeleton robot.
In the case of the elbow joint, the joint is modeled as a uni-axial hinge joint [21],
although it consists of three bones: humerus, ulna, and radius. Therefore, it is not difcult
to locate the axis of the rotational center of the elbow joint of the exoskeleton robot as same
as that of the user's joint. In the case of the shoulder joint of upper-limb exoskeleton robot,
it is not an easy task to locate the position of the rotational center of the robot's shoulder
joint as same as that of the user's shoulder joint since the joint is modeled as a spherical
joint and located inside of the user's body.
So far several exoskeleton robots [41], [43], [45] have been developed including the
wrist joint motions. All of the designs have considered that wrist exion and extension
motions generate through one axis and wrist radial and ulnar deviation generate through
one axis. Except the exoskeleton robots proposed in this thesis other designs of wrist joint
found in literature have not considered about the axis offset of wrist axes. However, it
is difcult to design the wrist joint of an upper-limb exoskeleton robot to generate the
biomechanically similar motions of wrist.
2.4 Performance Evaluation of Upper-limb Exoskeleton Robots
Most of the mechanical designs of the upper-limb exoskeleton robots have been evaluated
by evaluating the functions of the robot [31]-[35], [40]-[43]. For an example, Kiguchi et al.
[31]-[35] have evaluated mechanical design of upper-limb exoskeleton robot by evaluating
the power assist function of the robot.
A widely used quantitative measure to evaluate system performance is the band-
width. Perry and Rosen [45] have used system bandwidth to evaluate performance of their
hardware design of upper-limb exoskeleton robot. Systems having a higher bandwidth are
controllable under higher frequency command signals. The bandwidth is a measure of how
successfully trade offs are made between weight and stiffness. To maintain the perfor-
mance, the lowest natural frequency of the exoskeleton robot should be above the highest
frequency command signal generated by the human. In [45], a target bandwidth is selected
based on the achievable frequency range of the human arm [105], [107]. Then an oscil-
lating input with increasing frequency was given as a command to the system, to measure
resonant frequencies of the exoskeleton robot structure. While magnitude of the input was
kept constant, the frequency was increased. In addition, in [45] mechanical input-output
relationship of the exoskeleton robot has been studied in input and output ends of the trans-
mission. Kawasaki et al. [46] measured the frequency characteristics by the proportional
derivative (PD) control to evaluate the responsibility of the robot. Further, the joint angle
responses have been measured to examine the tracking capability. To measure frequency
characteristics as a linear system, they have applied the sinusoidal signal with amplitude
of 1 degree. In order to dissipate the effect of gravity, each joint axis of robot was set in
the gravity direction. Moreover, a dummy hand with exible nger joints was attached to
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the robot to maintain a closed loop and to avoid free motion by a passive joint. Wege and
Hommel implemented and evaluated a PID controller for the position control of a hand
exoskeleton [62] to evaluate accuracy of trajectory following of the exoskeleton robot. The
resulted control system allows to follow the recorded trajectories with sufcient accuracy.
2.5 Actuation and Transmission Methods for Exoskeletons
Actuation and power transmission methods for upper-limb exoskeleton robots should be
selected carefully since the efciency of the robot depends on them. This section presents
different actuation and power transmission technologies and their main advantages and
disadvantages for upper-limb exoskeleton robots.
2.5.1 Actuation Technologies
Several actuation technologies are available for actuating a system. Electric motors, pneu-
matic actuators, hydraulic actuators, ultrasonic motor, IC engines, static electric actuators,
and shape memory alloy are some of them. However, some of them are not suitable for
the exoskeleton robots because of their high weight, large size, less torque generation, etc.
In existing exoskeleton robots, direct current (DC) motors, pneumatic actuators, and hy-
draulic actuators are mostly used. Therefore, main advantages and disadvantages of DC
motors, pneumatic actuators, and hydraulic actuators for upper-limb exoskeleton robots
are outlined here.
DC motors are the commonly used actuator for upper-limb exoskeleton robots. It
has high speed and precision. Therefore, DC motors can be used to actuate upper-limb
exoskeleton robots from advanced motion control methods. However, gears are required to
obtain required torques for upper-limb motions using less weight and small sized DC mo-
tors. Otherwise heavy motors causing a burden for the function of upper-limb exoskeleton
robot have to be used for generating required upper-limb joint torques. Since pneumatic ac-
tuators can also provide high power/weight ratio and safety, upper-limb exoskeleton robots
can obtain high power/weight ratio and safety by using pneumatic actuators. However,
pneumatic actuators are more difcult to control because air is compressible and responds
to compression in a nonlinear way. Further, efciency of the pneumatic actuators are rather
low. Therefore, pneumatic actuators have been used only in few exoskeleton robots. Al-
though, hydraulic actuators are able to generate high torques with adequate precision and
quickness, they have disadvantages such as oil leakage, necessity of wide space and return
oil lines. Therefore, hydraulic actuators have rarely been used in upper-limb exoskeleton
robots.
2.5.2 Power Transmission Technologies
Power transmission method of upper-limb exoskeleton robot depends on the actuator. When
pneumatic actuators are used as the actuator, compressed air transmits the power. Hy-
draulic oil transmits the power in hydraulic actuators. With an electric motor, gear drives,
cable (wire) drives and/or linkage mechanisms can be used to transmit power. Although
electric motors can be used as direct drives, they are rarely used as direct drive in upper-
limb exoskeleton robots, since the size of the existing motors which can generates required
upper-limb joint torques are rather large. Gear drives and/or cable drives have commonly
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been used in present upper-limb exoskeleton robots. Gear drives do not create slip as in the
case of some cable drives. Also bevel gear drives can be used to transmit power between
non-parallel axes. Therefore, compact joints can be designed for the upper-limb exoskele-
ton robot. Compact joints are important to the upper-limb exoskeleton robots used in daily
motion assist. Backlash is inherent in gear drives. Also it is difcult to obtain precise
back-drivability with gears. Therefore, gear drives should be carefully designed for the
upper-limb exoskeleton robots. Since gear drives can not be used to transmit power over
relatively long distances, motors should be xed near the actuated axis when gear drives
are used for power transmission. Therefore, motors have to be xed on the exoskeleton
robot. This will sometimes add higher weights for the upper-limb exoskeleton robot. Since
back-drivability can be obtained with properly designed cable drives, they are specially
used in some exoskeleton robots [45]. Linkage mechanisms can customarily be designed
for power transmission. However, linkage mechanisms have rarely been used in present
exoskeleton robots.
2.6 Classication of Upper-Limb Exoskeleton Robots
Upper-limb exoskeleton robots can be classied in several ways considering features of
their mechanical designs and/or control methods. In the literature of exoskeleton robots,
the upper-limb exoskeleton robots are classied according to:
² the applied segment of the upper-limb
Under this category the upper-limb exoskeleton robots can be classied as hand ex-
oskeleton robot, forearm exoskeleton robot, upper-arm exoskeleton robot or com-
bined segment exoskeleton robot;
² the DOF
In here, the upper-limb exoskeleton robots can be classied according to the number
of active or passive joints or in other words DOF as 1DOF, 2DOF, 3DOF, etc.;
² the power transmission methods
Here the classication is such as gear drive, cable drive, linkage mechanism or other
method;
² the applications of the robot
Upper-limb exoskeleton robots can be classied according to the intended purpose
namely rehabilitation robots, assistive robots, human ampliers, haptic interfaces or
other uses;
² the control methods
This category classies the upper-limb exoskeleton robots based on the used control
methods such as impedance control, force control, fuzzy-neuro control or other con-
trol methods;
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Figure 2.7: Classication of exoskeleton robots. (a) Methods of classication of upper-limb ex-
oskeleton robots. (b) A classication of upper-limb exoskeleton robots based on the
actuators used in mechanical designs.
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Table 2.1: Comparison of Type-I upper-limb exoskeleton robots
Reference
Locations of Active Actuators Power Purpose
application DOF Transmission
Method
Kiguchi et al. Shoulder, elbow and 04 DC servo Cable and Power assist
[34] forearm motions motors gear drives
Papadopulus Shoulder joint 02 Servo Geneva and Help people
et al. [38] motors four-bar with muscle
mechanism atropy
Mulas et al. Hand 02 Servo Wire Hand
[39] motors rehabilitation
Rosen et al. Shoulder and elbow 02 DC Cable and Power assist
[49] motions motors gear drives
Perry et al. Shoulder, elbow, 07 Brushed Cable drives Rehabilitation
[44], [45] wrist and forearm motors VR simulation
motions Power assist
Kawasaki Wrist, ngers and 18 Servo Linkage and Rehabilitation
et al. [46] forearm motions motors gear drives therapy
Gupta et al. Elbow, wrist and 05 Electric Direct drives Training and
[50] forearm motions motors rehabilitation
Frisoli et al. Shoulder and elbow 04 Frameless Tendon drives Haptic
[52] motions DC torque interaction
motors Rehabilitation
Nef et al. Shoulder and elbow 04 DC Cable and gear Upper-limb
[54], [55] motions motors drives and links rehabilitation
Mihelj et al. Shoulder, elbow, 04 DC Cable and gear Upper-limb
[56] wrist and forearm motors drives and links rehabilitation
motions
Ruiz et al. Elbow, wrist and 03 CC Gear drives Tremor
[58] forearm motions motors assessment and
suppression
Johnson et al. Shoulder, elbow and 03 Electric Cable drives Motion assist
[59] forearm motions motors rehabilitation
Sarakoglou Fingers 07 DC Tendon drives Hand
et al. [60] motors exercise
Wege et al. Fingers 04 DC Cable and gear Finger
[62] motors drives rehabilitation
Carignan Shoulder, elbow and 05 Brushless Slip clutch Rehabilitation
et al. [65] forearm motions DC motors Gear drives and exercise
Ball et al. Shoulder, elbow and 03 Electric Cable drive Rehabilitation
[66] wrist motions motors and assessment
Ball et al. Shoulder and elbow 05 Electric Cable drive Rehabilitation
[67], [68] motions motors
Chou et al. Shoulder, elbow, 07 Electric Steel wires Haptic
[72] wrist and forearm motors interaction
motions
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Table 2.2: Comparison of Type-II upper-limb exoskeleton robots
Reference Locations of Active Actuators Power Purpose
application DOF Transmission
Method
Lucas et al. Index nger 03 Pneumatic Cable drive Pinching
[40] cylinder and and linkage assist
actuators mechanism
Sasaki et al. Wrist joint 01 McKibben Pneumatics Motion
[41] Pneumatic assist
muscle
Noritsugu Fingers 15 Rubber Pneumatics Power assist
et al. [42] muscle for grasping
Tsagarakis Shoulder, elbow, 07 Pneumatic Pneumatics Upper-arm
et al. [43] wrist and muscles rehabilitation
forearm motions
Lee et al. Shoulder, elbow, 13 Pneumatic Pneumatics Teleoperation
[48] wrist, forearm actuators Linkage of robots
and ngers mechanism
Takahashi Hand and wrist 03 Pneumatic Pneumatics Hand
et al. [61] motions actuators therapy
Sugar et al. Shoulder, elbow and 04 Pneumatic Pneumatics Upper extremity
[70] wrist motions muscles repetitive therapy
Kobayashi Shoulder, elbow and 06 Pneumatic Pneumatics Muscular
et al. [69] wrist motions actuators support
Columbia Hand and wrist 01 Compliant Pneumatics Therapy
Scientic air muscles
LLC [79]
Table 2.3: Type-III upper-limb exoskeleton robots
Reference Locations of Active Actuators Power Purpose
application DOF Transmission
Method
Mistry et al. Shoulder, elbow, wrist 07 Hydraulic Hydraulic Human arm
[47] and forearm actuators oil movement
motions study
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In this thesis, the upper-limb exoskeleton robots are classied based on the actua-
tors used in the mechanical designs. The classication of upper-limb exoskeleton robots
is illustrated in Fig. 2.7. A classication of upper-limb exoskeleton robots based on the
actuator used in the mechanical designs is given as:
² Type I - actuated by electric motors
² Type II - actuated by pneumatic actuators
² Type III - actuated by hydraulic actuators
Table 2.1, Table 2.2 and Table 2.3 show the list of Type I, Type II, and Type III exoskeleton
robots with a concise comparison, respectively.
2.7 Recently Proposed Upper-Limb Exoskeleton Robots
Several upper-limb exoskeleton robots have been proposed in the recent years [31]-[83].
The recent upper-limb exoskeleton robots have been used for different purposes such as an
assistive device, a rehabilitation device, a human amplier, and a haptic interface. Most
of them have less than seven DOF (except [42]-[48]). The main specialty of the recent
upper-limb exoskeleton robots is that serial manipulators have been used in almost all of
the designs (Gupta et al. have proposed exoskeleton robot with parallel manipulators [50],
[51]). Also electric motors or pneumatic actuators have been used as the actuator in almost
all of the exoskeleton robots (except Sarcos Master Arm [47], which is hydraulically actu-
ated). Some of the recently proposed upper-limb exoskeleton robots are reviewed briey
in next subsections of this chapter. The logic for selecting a particular design is the novelty
of their mechanical design. Few other upper-limb exoskeleton robots are briey presented
in the latter subsection.
2.7.1 7DOF Exoskeleton Robot Design: CADEN-7
Perry and Rosen [45] have designed anthropometric 7DOF powered exoskeleton system
shown in Fig. 2.8(a). The anthropometric nature of the joints combined with negligible
backlash in seven force-reecting articulations is set as the original characteristic of the
CADEN-7. The other exoskeleton designs [34], [46], [50] have primarily utilized shoulder
internal/external rotation joints and forearm supination/pronation joints that fully enclose
the arm. Therefore, the users of those exoskeleton robots require to put their arm from
the device shoulder, and slide the arm axially down the length of the device through the
closed circular bearings. This difculty is eliminated by the CADEN-7 by using the open
human-robot attachment for both upper and lower arm segments. In the cable-driven de-
vices, achieving mechanical joint range of motions to match those of the human arm is
a challenging task. A unique cable routing method is used in the CADEN-7 to achieve
the ranges of motions. The robot generates the motions of shoulder exion/extension,
abduction/adduction, internal/external rotation, elbow exion/extension, forearm supina-
tion/pronation, wrist exion/extension and radial/ulnar deviation. Articulation of the ex-
oskeleton robot is achieved by seven single-axis revolute joints: one for each shoulder
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(a) (b) (c)
Figure 2.8: Recent upper-limb exoskeleton robots (1). (a) CADEN-7: 7DOF exoskeleton robot of
University of Washington [45]. (b) 4DOF exoskeleton robot of Saga University [34].
(c) 7DOF `soft-actuated' exoskeleton robot of University of Salford [43].
exion/extension, shoulder abduction/adduction, shoulder internal/external rotation, el-
bow exion/extension, forearm pronation/supination, wrist exion/extension, and wrist ra-
dial/ulnar deviation.
2.7.2 4DOF Exoskeleton Robot of Saga University
Kiguchi et al. have proposed a 4DOF exoskeleton robot [34] with moving center of rotation
(CR) mechanism [36] of shoulder joint to assist shoulder vertical exion/extension, shoul-
der horizontal exion/extension, elbow exion/extension, and forearm supination/pronation
motions [see Fig. 2.8(b)]. Considering the fact that most physically weak persons use wheel
chairs, the exoskeleton robot was designed so that it could be installed on a wheel chair.
Therefore, the user does not feel the weight of the robot. A unique moving CR mechanism
was proposed for the shoulder joint of the exoskeleton robot. The main advantage of the
robot is the ability to adjust the distance between the arm holder and the CR of the shoul-
der joint of the robot in accordance with the shoulder motion, in order to cancel out the
ill effects caused by the position difference between the CR of the robot shoulder and the
human shoulder. The exoskeleton robot mainly consists of a shoulder motion support part,
an elbow motion support part, a forearm motion support part, a wrist force sensor, and a
mobile wheel chair. The mobile wheel chair itself has 2DOF, which provide independent
movement for physically weak persons. The control method of the robot is based on EMG
signal of human muscles. A neuro-fuzzy control method has been applied to control the
robot.
2.7.3 7DOF `Soft-Actuated' Exoskeleton Robot
Some exoskeleton robots have been designed using pneumatic actuators to obtain excellent
power/weight ratio and lightness. Tsagarakis and Caldwell [43] have designed a 7DOF pro-
totype upper arm training/rehabilitation exoskeleton system, which is shown in Fig. 2.8(c).
The system is able to generate motions of shoulder exion/extension, abduction/adduction,
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internal/external rotation, elbow exion/extension, forearm supination/pronation, wrist ex-
ion/extension and radial/ulnar deviation. The original characteristic of the design is the use
of pneumatic muscle actuators especially as an antagonistic pair. Therefore, the antago-
nistic action permits compliance control. It has advantages in terms of safety and more
human `soft' interaction which provides a soft feeling in human manipulation. The other
advantages of the system are the low mass and excellent power/weight ratio.
The arm structure has been constructed primarily from aluminum and composite
materials, with high stress joint sections fabricated in steel. The system uses braided
pneumatic muscle actuators that provide a clean, low cost actuation source with a high
power/weight ratio and safety. Those pneumatic muscle actuators have been constructed as
a two layered cylinder.
2.7.4 4DOF Exoskeleton Robot: L-EXOS
The L-EXOS is an upper-limb exoskeleton robot [see Fig. 2.9(a)] for haptic interaction in
virtual environment [52]. It is a tendon driven wearable haptic interface with four active
DOF. In addition, it has one passive DOF. The robot can generate the motions of shoul-
der abduction/adduction, internal/external rotation, horizontal exion/extension and elbow
exion/extension. Figure 2.9(a) shows the L-EXOS robot. The L-EXOS has several unique
advantages, since it has custom-made components: circular guide, joint integrated plane-
tary reduction gear and motor group. The innovative solution of circular guide allows the
user to insert and remove the arm easily, without inserting the arm through a closed-ring
structure. The basic target of the design of the gear head unit was the reduction of weight
and volume with respect to standard commercial reduction gears. All the motors of the ex-
oskeleton robot have been located on the xed frame. The torque has been delivered from
the motor to the relevant joint by means of steel cables and a reduction gear integrated at
the joint axis. The reduction gears with low reduction ratio have been used at the joint
axes to achieve a higher stiffness of the device. The solution of adopting a closed circular
bearing has replaced with an open circular component. A high level of integration with the
axis joint has been addressed to fully pursue the weight reduction. The interposition of the
reduction gear head between the tendon transmissions and the driven joint has led to an
enhancement of the stiffness of the system.
2.7.5 ARMin Exoskeleton Robot
ARMin which is shown in Fig. 2.9(b) is a four active DOF exoskeleton robot for arm ther-
apy applicable to train day-to-day activities in clinics [54]. The robot can generate the mo-
tions of vertical shoulder rotation, shoulder horizontal exion/extension, internal/external
rotation and elbow exion/extension. Since the ARMin can generate the vertical shoulder
rotation, it does not restrict the vertical motion of shoulder complex of the user. This mo-
tion has not been considered in almost all of other exoskeleton robots. The ARMin has
a semi-exoskeletal structure and is equipped with position and force sensors. The semi-
exoskeleton structure of the ARMin allows easy adaptation to different patient sizes. The
ARMin can be xed via an aluminum frame at the wall with the patient sitting beneath.
The torso of the patient can be xed to the wheelchair with straps and bands. The vertically
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(a) (b) (c)
Figure 2.9: Recent upper-limb exoskeleton robots (2). (a) 4DOF exoskeleton robot of Scuola
Superiore Sant' Anna [52]. (b) ARMin: 4DOF exoskeleton robot of University of
Zurich [54]. (c) 5DOF upper-limb exoskeleton robot of Rice University [50].
oriented linear motion module performs [54] vertical shoulder rotation. Horizontal shoul-
der rotation has been realized by a backlash free and back-drivable harmonic drive module
attached to the slide of the linear motion module. The interconnection module connects the
horizontal shoulder rotation drive with the upper-arm.
2.7.6 Exoskeleton Robot with Parallel Manipulators
Gupta [50] has developed a 5DOF haptic arm exoskeleton robot for robot-assisted rehabil-
itation and training [see Fig. 2.9(c)]. It has parallel manipulators and it can generate the
motions of elbow exion/extension, forearm supination/pronation, wrist exion/extension
and radial/ulnar deviation. The robot is shown in Fig. 2.9(c). One of the main feature of the
exoskeleton robot is the application of parallel manipulators in its design. In the mechani-
cal design, 3-RPS [108] platform has been used in its wrist joint. This platform has 3DOF,
with actuated prismatic joints. The height of the platform allows to adjust according to the
forearms of different users and has kept constant during operation. During operation, the
robot is worn to line up the elbow joint of the robot with the elbow joint of the patient and
the top plate of the wrist of the robot with the wrist joint of the patient. The exoskeleton
robot is redesigned and named as Mechatronics and Haptic Interfaces (MAHI) robot by
Sledd and O'Mallya [51]. The redesign efforts have primarily been focused on ensuring
smooth operation of moving parts of the exoskeleton to minimize backlash, reducing cost
and build time by simplifying the design, and increasing the torque output while continuing
to use electric actuators for ease of control. The MAHI is capable of providing kinesthetic
feedback to the joints of the forearm and wrist of the operator. The redesign effort has ad-
dressed a number of problems of the original exoskeleton robot. The primary problem was
the limited actuator torque output and other problems included backlash, friction, a lack of
gravity compensation and a heavy reliance on expensive and imprecise custom machined
components. During the redesign, the utilization of capstan transmissions has enabled to
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exceed and achieve near human isometric strength capabilities [51]. Although the new
torque output levels do not reach the maximum output torques of the human arm due to
practical size limitations of the actuators and transmissions, they have exceeded the design
benchmarks and improved the previous design.
2.7.7 Other Exoskeleton Robots
A light weight 1DOF exoskeleton robot which is driven by pneumatic soft actuators has
been developed and named as active support splint (ASSIST) by Sasaki et al. [41]. It
relieves the restrained feeling when the device is not operated since it consists of plastic
interface with rotary type soft actuators.
Kawasaki et al. [46] have designed an exoskeleton with 18DOF for rehabilitation
therapy. The robot was designed to support the exion/extension and abduction/adduction
motions of ngers and thumb independently as well as the opposability of the thumb. The
novelty of the system lies within its nger motion assist mechanism and thumb oppos-
ability mechanism. A robotic device assisting thumb opposition had never been addressed
previously.
Sarakoglou et al. [60] have proposed an exoskeleton hand exerciser. It has been
combined dexterity with a good range of motion by eliminating inadequacy to combine
different modalities such as hand parameter diagnosis and exercise assortment with qual-
ities such as nger dexterity and satisfactory nger range of motion. The system enables
the execution of nger therapy regimes. It can also be used as a motion analysis and lost
nger mobility diagnosis tool.
Hand Wrist Assisting Robotic Device (HWARD) was developed by Takahashi et al.
in 2007 [61]. It is a 3DOF device that exercises exion and extension of the hand as well
as some wrist movement. The aim was to retrain hand grasping and releasing movements
using real objects during therapy. This was achieved by providing an unobstructed palm
area where various objects could be offered for interaction during exercise. The HWARD
is a pneumatic actuated desk mounted exoskeleton robot that supports the patients arm and
is attached on the thumb and ngers. It can ex or extend all 4 ngers together at the
metacarpophalangeal (MCP) joint, the thumb at the MCP joint and the wrist. Joint angle
sensors in the structure were used to measure the movement of the exoskeletons joints, and
hence, movement of the limbs of the patient.
Ball et al. [67] proposed a new adjustable robotic exoskeleton called MEDARM
for motor rehabilitation of the shoulder complex. Although robotic technology shows sig-
nicant potential, its effectiveness for upper limb rehabilitation is limited in part by the
inability to make functional reaching movements. A major contributor to this problem is
the inability of current robots to replicate motion of the shoulder girdle despite the fact that
the shoulder girdle plays a critical role in stabilizing and orienting the upper limb during
daily activities. The MEDARM has been addressed this issue. It provides independent con-
trol of 6DOF of the upper limb: two at the sternoclavicular joint, three at the glenohumeral
joint and one at the elbow. Joint axes of the robot were optimally arranged to mimic the
natural upper-limb workspace while avoiding singularity and while maximizing manipula-
bility. The mechanism permits reduction to planar shoulder/elbow motion in any plane by
locking all but the last two joints. Electric motors actuate the joint using a combination of
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cable and belt transmissions designed to maximize the power-to-weight ratio of the robot
while maintaining back-drivability and minimizing inertia.
A muscle suit has been proposed by Kobayashi and Hiramatsu [69] to provide
muscular support for the paralyzed or those who are unable to move by them selves. The
muscle suit is a garment without a metal frame and uses McKibben actuators driven by
compressed air. Since the actuators are sewn into the garment, metal frames have not been
used. The muscle suit is helpful for both muscular and emotional support.
The Hand Mentor [79] is the rst commercial hand rehabilitation therapy system
produced by Columbia Scientic LLC. It is a 1DOF exoskeleton device that provides a
controlled resistive force to the hand and wrist. The applied force can oppose exion or
assist extension of the hand. It has incorporated sensors that monitor the position of wrist
and ngers during exion/extension motion as well as force sensors to measure the force
applied on the hand by the air muscle actuators [109]. In the exercise with the HandMentor,
the patient initially worked towards a target without any assistance from the device while
observing the EMG indication display. Observation of the EMG level display provides
a reliable feedback of muscle ring that could gradually train the patient to intuitively
achieve muscle coordination. When the patient reaches the limit of his motion range the
device actively assists the motion.
In addition to upper-limb exoskeleton robots, several exoskeleton robots have been
developed for lower-limb [96]-[104] as well. The Berkley Lower Extremity Exoskeleton
(BLEEX) for example is a military exoskeleton to aid soldiers carrying heavy loads [98].
The Hybrid Assistive Limb (HAL) is an actuated body suit for both legs [99]. The latest
version (HAL-5) is extended also for the upper-limbs. It has been designed for multiple
purposes, such as supporting elderly people or as a rehabilitation device. The powered
lower limb orthosis proposed in [100] has been developed to assist motor rehabilitation after
neurological injuries. One degree of freedom lower-limb exoskeleton named `RoboKnee'
has been developed to allow the wearer to climb stairs and perform deep knee bends while
carrying a signicant load in a backpack [101].
2.8 Summary
This chapter introduced the background information of upper-limb exoskeleton robots. The
biomechanics of human upper-limb towards the design of an upper-limb exoskeleton robot
was described. The requirements, design difculties, performance evaluation methods, and
actuation and power transmission technologies of an upper-limb exoskeleton robot were
explained. Most of the design difculties are caused by the upper-limb anatomy. In the
literature, upper-limb exoskeleton robots were classied according to: the applied segments
of the upper-limb, the DOF, the power transmission methods, the application of the robot,
and the control methods. Here, upper-limb exoskeleton robots were classied, based on the
type of applied actuators in the mechanical design, as actuated by electric motor, actuated
by pneumatic actuators, and actuated by hydraulic actuators. Although many upper-limb
exoskeleton robots and their control methods have been developed, still many issues are yet
to be perfected to convert them as commercialized products. In the literature review, issues
such as biomechanically similar motion generation, safety, accurate estimation of joint
torques using the EMG signals, and generation of natural motion assist were identied.
Chapter 3
Proposal of a 3DOF Upper-Limb
Exoskeleton Robot
This chapter proposes a 3DOF upper-limb exoskeleton robot to assist the upper-limb mo-
tions of physically weak individuals. The 3DOF upper-limb exoskeleton robot is named
as W-EXOS to indicate Wrist EXOSkeleton. The hardware design of the W-EXOS
is explained in this chapter. The W-EXOS can generate the motions of forearm supina-
tion/pronation, wrist exion/extension and wrist radial/ulnar deviation.
3.1 Mechanism and Mechanical Design
Figure 3.1 shows the proposed 3DOF exoskeleton robot for human wrist and forearm mo-
tion assist. It can be worn on the right forearm of the user as shown in Fig. 3.1. The weight
of theW-EXOS is about 1.9kg. The proximal end of proximal forearm link is to be attached
to the upper-limb exoskeleton robot [36] which is installed on a mobile wheel chair since
many physically weak persons use it. Therefore, the user does not feel the weight of the
exoskeleton robot. The W-EXOS mainly consists of a forearm motion support part and a
wrist motion support part.
3.1.1 Forearm Motion Support Part of the W-EXOS
The forearm motion support part consists of the proximal forearm link, distal forearm link,
a forearm cover, a wrist holder, a DC motor, a spur gear pair, and strain gauges. Distal end
of the proximal forearm link is attached to the outer frame of the forearm cover. The motor
for supination/pronation motion, motor-1 is attached on the outer frame of forearm cover
as illustrated in Fig. 3.1. A spur gear pinion [PS1.5-30, Kohara gear industry Co. Ltd,
Japan] is attached to the shaft of motor-1 which is meshed with a spur gear wheel [PS1.5-
90, Kohara gear industry Co. Ltd, Japan] attached to the inner frame of the forearm cover.
The rotational motion which is generated from the motor is transferred to the inner frame
of the forearm cover through the spur gear pair. The outer frame of the forearm cover and
the inner frame (a hollow cylinder) are assembled through two ball bearings [KA042CP0,
KAYDON Co., Japan] in such a way that the forearm can be inserted into the hole of the
hollow cylinder [see Fig. 3.2(a)]. Therefore, the inner frame of the forearm cover rotates
with respect to the xed outer frame to generate forearm supination/pronation motion. The
distal forearm link is attached to the inner frame of the forearm cover. Two Aluminum
links and an Aluminum block are assembled as illustrated in Fig. 3.1 to produce the distal
forearm link. The wrist holder is attached to the distal forearm link via an Aluminum block
to obtain high strength. The wrist holder is made of thin exible plastic with a fabric hook-
and-loop fastener (i.e., magic tape, Velcro) to hold the forearm of the user. Since the distal
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Figure 3.1: W-EXOS: 3DOF forearm and wrist motions power-assist exoskeleton robot.
forearm link is attached to the inner frame of the forearm cover, the wrist holder rotates with
the rotating inner frame. Thereby the forearm is rotated to generate supination/pronation
motion.
3.1.2 Wrist Motion Support Part of W-EXOS
The wrist motion support part consists of a link attachment, the wrist link, two DC mo-
tors, two bevel gear pairs, a palm holder, and a three axes force sensor (wrist force sensor).
The motor for wrist exion/extension motion, motor-2 is xed on the distal forearm link
as shown in Fig. 3.2(b). The rotational motion generated in the motor-2 is transferred to
the wrist exion/extension axis through a bevel gear pair [DB0.8-4020 and DB0.8-2040,
Kohara gear industry Co. Ltd, Japan]. The distal forearm link is attached with L-shaped
link attachment using a thrust bearing [NTB1024 and AS1024, Nippon Thompson Co. Ltd,
Japan], a anged ball bearing [10x15x4mm] and a stepped shaft to form a revolute joint as
shown in Fig. 3.2(b). The link attachment is made out of two Aluminum links: a vertical
link, a horizontal link, and an angle frame [see Fig. 3.3(b)]. The angle frame is to connect
the vertical link and the horizontal link, and it also acts as the stopper for wrist radial/ulnar
deviation. By shifting the locations of wrist exion/extension and wrist radial/ulnar axes
in vertical link and horizontal link respectively, as shown in Fig. 3.3(b), the axes deviation
of the wrist exion/extension and the wrist radial/ulnar has been obtained. The link attach-
ment rotates with respect to the distal forearm link to generate the wrist exion/extension



























Figure 3.2: Arrangement of each joint of the W-EXOS. (a) Forearm joint. (b) Wrist ex-
ion/extension joint. (c) Wrist radial/ulnar joint.





























Figure 3.3: W-EXOS with axes of rotation. (a) Rotational axes of the W-EXOS. x, y, and z indi-
cate the directions of the wrist force sensor. (b) An enlarge view of the link attachment.
(c) Locations of strain gauges in the wrist holder.




Figure 3.4: Positions of user's ngers. (a) Fingers fully abducted and extended position. The
W-EXOS is not obstruct the motions of ngers even fully abducted and extended
position. (b) Fingers exed position.
motion and which is transferred to the user's hand from the palm holder. Motor-3 is at-
tached to the link attachment for the wrist radial/ulnar deviation. The rotational motion
generated in the motor-3 is transferred to the wrist radial/ulnar axis through a bevel gear
pair [DB0.8-4020 and DB0.8-2040, Kohara gear industry Co. Ltd, Japan]. The wrist link
is attached to the vertical link of the link attachment using a thrust bearing [NTB1024 and
AS1024, Nippon Thompson Co. Ltd, Japan], a anged ball bearing [10x15x4mm], and a
stepped shaft to form a revolute joint as shown in Fig. 3.2(c). The wrist link rotates with
respect to the link attachment to generate the wrist radial/ulnar deviation motion and which
is transferred to the user's hand from the palm holder. The palm holder and the wrist force
sensor are attached to the wrist link. The palm holder of the exoskeleton robot can be worn
by the user on his palm. The palm holder is made of thin exible plastic with a fabric
hook-and-loop fastener to hold the user's palm. It is positioned to transmit the torque prop-
erly via wrist and not to obstruct the nger movements. Figure 3.4 shows the palm holder
attached to the user. As shown in Fig. 3.4, user ngers can move to the fully abducted and
extended position without any obstruction from the palm holder.
The palm holder and wrist holder are designed to wear easily. Each of them consists
of two parts: a metal part and a fabric hook-and-loop fastener. A cushion material has
been attached to the inner surface of metal parts to achieve a comfortable wear. At the
time of wearing the W-EXOS, the fasteners of the palm holder and the wrist holder have to
be loosen. Then the user can easily insert his/her forearm through the hole of the forearm
cover from the distal end along the forearm motion axis shown in Fig. 3.3(a). Then the
palm and forearm of the user can be inserted into palm holder and wrist holder, respectively
and the fasteners are xed rmly. Since the length adjustments can be obtained by using
the fastener, the clearance of the attachment can be adjusted and the forearm and palm of
the user can be rmly tted to the attachments. The manipulation of the user's wrist and
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Table 3.1: Movable ranges of the W-EXOS
Motion
Movable ranges Average movable ranges
of the W-EXOS [Deg] of human [Deg]
Forearm supination 80 90
Forearm pronation 60 90
Wrist exion 60 70
Wrist extension 50 60
Wrist radial deviation 20 25
Wrist ulnar deviation 30 35
forearm is easily carried out by controlling the motions of the palm holder and the wrist
holder, respectively. Since the attachments of the robots can be rmly tted to the user's
forearm and hand, the controllability of the W-EXOS is improved. The Aluminum block
of distal forearm link keeps the center of forearm cover, wrist holder, and palm holder in a
straight line. All the links and frames are made out of Aluminum. The effective length of
the W-EXOS is 398 mm and the width is 167 mm at the most wide location. Lengths of
all the links and attachments, and the distances are designed using human anthropometry
with 95th percentile. Engineering drawings of main parts of the W-EXOS are annexed in
Appendix A.
Considering the minimally required motion in daily activities and the safety of the
user, the limitation of the movable ranges of the W-EXOS is decided as in Table 3.1.
3.2 Actuators and Sensors
Actuators and sensors should be selected carefully since the effectiveness of the exoskele-
ton depends on them signicantly. In some of the existing exoskeleton robots, pneumatic
soft actuators are used for actuation purpose [40]-[43]. However, such actuators are more
difcult to control because air is compressible and respond to compression in a nonlinear
way, and also gives slow response for a given input. Although, hydraulic actuators are
able to generate high torques, in a system like exoskeleton robot which assist daily motion
of physically weak persons, they are not employable due to the portability problems and
possibility of oil leakages.
In this study, DC servo motors are used for actuation. When selecting a DC servo
motor for the W-EXOS, few selection criteria are considered: generated torques, size of
the motor (i.e., length and diameter), weight, and encoder type. The torque requirement of
each axis of the W-EXOS is decided considering the torque requirement of daily activities,
inertia of parts of the robot and the motors, and friction of the components. The torque re-
quirements of each joint are obtained by reviewing the available literature [43], [45], [110].
Smaller size and less weight motors, which can generate the required torque, have been se-
lected for the W-EXOS. Super mini, RH series DC servo motors [RH-8D-6006-E0360D0
and RH-5A-4402-036A0, Harmonic drive systems Inc., Japan] with open collector type
incremental encoders have been selected for each axis. Details of the actuation of each axis
are listed in Table 3.2.
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Model No. RH-8D-6006- RH-5A-4402- RH-5A-4402-
E0360D0 036A0 036A0
Rated output 8.6 1.4 1.4
power[W]
Max. continuous 1.5 0.43 0.43
torque[Nm]
Torque 2.1 1.38 1.38
constant[Nm/A]
Rated voltage[V] 24 12 12
Peak current[A] 1.6 0.77 0.77
Max. output 100 90 90
speed[rpm]
Gear ratio of 50 100 100
motor gear head
Weight[kg] 0.30 0.09 0.09
Axis gear Type Spur Bevel Bevel
head Gear ratio 3.0 2.0 2.0
Table 3.3: Details of the sensors of the W-EXOS
Sensor Detail Value/Detail










Three axes force sensor
Model No. PD3-32-05-080









Input voltage[V] DC 5
Gauge length[mm] 1
Gauge resistance[­] 120.4 §0.4
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Including the incremental encoders of the motors, three kinds of sensors are installed
in the W-EXOS. The three axes force sensor [PD3-32-05-080, NITTA Co., Japan] is at-
tached between the distal end of the wrist link and the palm holder of the robot. In addition,
strain gauges [KFG-1-120-C1-11N30C2, Kyowa Electronic Instruments Co. Ltd, Japan]
are attached on the connecting beams of distal forearm link and wrist holder as shown in
Fig. 3.3(c). Strain gauges have been used as torque sensors. Details of the sensors of the
W-EXOS are listed in Table 3.3. The signal diagram of the sensors is annexed in Appendix
B.3.
3.3 Power Transmission
For the power transmission, cable (wire) drives, belt drives, linkages or gear drives are used.
Although gear drives have the problem of `backlash' they are used in each joint of the W-
EXOS for the power transmission by considering their advantages such as compactness,
possibility of high ratio, and unavailability of slip. A spur gear pair (gear ratio-1:3) is
used to transmit the power for the supination/pronation motion. The gear wheel is attached
to the inner frame of the forearm cover by removing the cylindrical piece of material to
obtain a hole. The pinion is attached to the motor shaft [see Fig. 3.2(a)]. Bevel gear pairs
(gear ratio-1:2) are used to transmit the power for the wrist exion/extension and wrist
radial/ulnar deviation. The bevel pinion is attached to the motor shaft and the bevel wheel
is attached to the shaft that xed to the other relevant link of the wrist joint as shown in
Fig. 3.2(b) and Fig. 3.2(c). Modules of each gear pair are selected to obtain minimum
backlash.
3.4 Electrical Circuit of the W-EXOS
The electrical circuit of theW-EXOS consists of a personal computer (Intel Pentium 4, 3.06
GHz processor) with an interface card [JIF-171-1, JustWare Co., Japan]. Power supply
unit comprises of a 24V DC power supplier [R100U-24, Cosel Co. Ltd, Japan], a 12V DC
power supplier [R50A-12, Cosel Co. Ltd, Japan], a 24V to 5V converter [SUCS32405C,
Cosel Co. Ltd, Japan], and a 24V to§12V converter [ZUW 252412, Cosel Co. Ltd, Japan].
In addition, the circuit includes a fuse [250Va.c., 35A, 5x20mm], a strain gauge amplier
[DMP-110A, Kyowa Electronic Instruments Co. Ltd, Japan], a strain gauge bridge box
[DB-120K, Kyowa Electronic Instruments Co. Ltd, Japan], and two motor drivers [HRT07-
0004, ZUCO Co., Japan]. Analog signals from the robot have been connected to the AD
ports of channel 1 (CN1) of the interface card [see Fig. 3.5]. Torque commands to the
motors of the robot have been given through the DA ports of CN1 of the interface card [see
Fig. 3.5]. Encoder output signals have been channelled to the encoder pins (APha, BPha,
and ZPha) of CN2 of the interface card. The simplied circuit diagram is illustrated in
Fig. 3.5. Details of the wiring diagram, power diagram, and signal diagram can be found
in Appendix B.
3.5 Safety Aspects
Since the upper-limb exoskeleton robots directly interact with the human user, safety is the
highest priority. In the design of the W-EXOS, mainly the safety is considered in two ways:
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Figure 3.5: Simplied circuit diagram of the W-EXOS. Motor, encoder, switch and motor driver
respectively indicate as M, E, S, and MD. FS, SG, and SGA are indicated by force
sensor, strain gauge, and strain gauge amplier, respectively.
safety features installed in the mechanical design (described in this chapter) and safety fea-
tures inbuilt in control program (will be discussed in Chapter 4). Mechanical stoppers
are attached for each motion to prevent exceeding the movable range. The stoppers for
wrist extension motion, wrist exion motion, and wrist radial/ulnar deviation are shown
in Fig. 3.6(a), Fig. 3.6(b), and Fig. 3.6(c), respectively. Mechanical stopper for forearm
supination/pronation motion is shown in Fig. 3.3(a). When inner frame stopper touches
with the supination stopper or the pronation stopper [see Fig. 3.3(a)], the supination mo-
tion or the pronation motion is stopped respectively. When the wrist extension stopper
[see Fig. 3.6(a)] touches with the distal forearm link, wrist extension motion is stopped.
When the link attachment touches with the wrist exion stopper [see Fig. 3.6(b)] wrist
exion motion is stopped. Touching of edges of wrist link with the wrist radial or wrist
ulnar stopper [see Fig. 3.6(c)] stops either wrist radial deviation or wrist ulnar deviation,
respectively. The W-EXOS does not include any sharp edges in its mechanical structure.
In addition, each motor has an individual switch and there is an emergency stop switch
in easily accessible location for the user. Furthermore, the maximum torque and velocity
of the exoskeleton robot are limited by the control program to prevent sudden unexpected
motion.








Figure 3.6: Mechanical stoppers. (a) Wist extension motion stopper. (b) Wrist exion motion
stopper. (c) Wrist radial and ulnar deviation stoppers.
3.6 Evaluation of Mechanical Design
Experiments have been carried out with a young healthy male subject (28 years old) to eval-
uate the mechanical design of the W-EXOS. Main purpose of the experiments is to conrm
that the exoskeleton robot is able to generate the required motions within movable ranges.
In addition, the controllability of the W-EXOS is also examined. In the rst experiment,
the movable ranges of each individual motion of the W-EXOS were to be found. Respec-
tive torque commands, which can activate the motion throughout the movable range, were
supplied for each motion. The rotated angle of each motion was measured from the motor
encoders.
In the second experiment, proportional-derivative (PD) controller has been applied
to evaluate the controllability of the W-EXOS. In this experiment, initially, PD controller
was used to activate individual joint separately. Then PD controller was used to control all
joints simultaneously. The sinusoidal motion trajectory was used for desired motion angle.
The applied PD control method can be represented in the following equation.
¿ = Kp(µd ¡ µ) +Kv( _µd ¡ _µ) (3.1)
where ¿ is the torque commands for the motors, Kp and Kv are the proportional and
derivative gains respectively, µd is the desired motion vector, and µ is the actual motion
vector.












































Figure 3.8: Experimental results of movable range of: (a) forearm supination motion, (b) forearm
pronation motion.
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Figure 3.9: Experimental results to conrm movable ranges. Movable range of: (a) wrist ex-
tension motion, (b) wrist exion motion, (c) wrist radial deviation, (d) wrist ulnar
deviation.












































































Figure 3.10: Experimental results of the PD control. (a) Forearm supination/pronation motion. (b)
Wrist extension/exion motion. (c) Wrist radial/ulnar deviation. (d) Combined mo-
tion of forearm supination/pronation, wrist exion/extension and wrist radial/ulnar
deviation.
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3.6.1 Experimental Set-up
The experimental set-up is shown in Fig. 3.7. It consists of the W-EXOS with the user, a
personal computer (Intel Pentium 4, 3.06 GHz processor) with an interface card [JIF-171-
1, JustWare Co., Japan]. Torque commands have been applied to the motor drivers. Motor
drivers actuate the motors according to the given torque commands. The rotations of the
motors are measured using the encoders and they are also used as feedback signals fed to
the personal computer (PC) via the interface card.
3.6.2 Experimental Results
The movable ranges obtained from the experiment for forearm supination motion and fore-
arm pronation motion are shown in Fig. 3.8. Figure 3.9 shows the movable ranges of each
individual motion of the wrist. Figure 3.8 and Fig. 3.9 show that the robot can generate
forearm supination/pronation, wrist exion/extension, and wist radial/ulnar deviation. In
addition, they show that the W-EXOS can generate the wrist and forearm motions through-
out the designed movable ranges with adequate accuracy. The experimental results for the
PD control are shown in Fig. 3.10. From the results, one can see that the exoskeleton
robot can follow the desired trajectory accurately. Furthermore, experimental results [see
Fig. 3.10] show that the motions of the W-EXOS is smooth for the PD control.
3.7 Summary
This chapter proposed the W-EXOS: a 3DOF upper-limb exoskeleton robot which can
generate the motions of forearm supination/pronation, wrist exion/extension, and wrist
radial/ulnar deviation. The hardware design of the proposed W-EXOS was fully explained
by explaining the mechanism and mechanical design, actuators and sensors, power trans-
mission, and electrical circuit. Safety aspects of the W-EXOS were also explained. The
mechanical design of the W-EXOS was evaluated experimentally by conrming the motion
generation, movable ranges, and controllability.
Chapter 4
Control Strategy of the 3DOF
Exoskeleton Robot
4.1 Introduction
The control strategies of exoskeleton robots vary according to the purpose of the robot.
Currently, exoskeleton robots use many control methods [86]-[94], [43], [62], [70] (e.g,
ARMin robot [54]-impedance control, L-EXOS robot [52]-force control, torque control
[43]). The ARMin is applied for arm therapy. In the ARMin [54], an adjustable impedance
controller is used for assisting the subject in catching the ball in the game therapy. The
assisting force is proportional to the horizontal distance between the hand and the ball. The
impedance parameters are set depending on the vertical position of the ball. The L-EXOS
is an exoskeleton based haptic interface for human arm. In the L-EXOS [52], the desired
value of force is computed through the estimation of a desired position for the end effector.
The desired position is computed through a constraint-based algorithm. Although sev-
eral control methods can be found in the literature, still some issues have to be addressed.
Specially, the power of the user has to be assisted by the power-assist exoskeleton robot
simultaneously with the upper-limb motions. Therefore, motion intention of the user has to
be identied correctly. Since the EMG signals directly reect the human motion intention,
they can be used as input information for the controllers of power-assist exoskeleton robots.
Many control methods have been developed for exoskeleton robots taking EMG signals as
input information [84]-[95]. However, EMG-based control (i.e., control based on the EMG
signals of the user) is not very easy to be realized for multi-DOF power-assist exoskeleton
robots [89], [92] because:
² obtaining the same EMG signals for the same motion is difcult even with the same
person,
² activity level of each muscle and the way of using each muscle for a certain motion
is different from person to person,
² real time motion prediction is not very easy since many muscles are involved in a
joint motion like in shoulder joint,
² one muscle is not only contributed for one motion but also another motion,
² activity of antagonist muscles affects the generated joint torque,
² the role of each muscle for a certain motion varies in accordance with joint angles
(i.e., the posture change affects the role of each muscle for a certain motion), and
² the activity levels of some muscles such as bi-articular muscles are affected by the
motion of other joints.
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Still many challenges associated with the development of proper EMG-based control
method are yet to be perfected. Fuzzy-neuro controller is identied as one of the most
effective controllers [87]-[89] to deal with EMG-based control. This chapter proposes an
EMG-based fuzzy-neuro control method for the W-EXOS to overcome most of the above
mentioned problems. The proposed control method employs multiple fuzzy-neuro con-
trollers which are switched moderately according to the angles of motions. Multiple fuzzy-
neuro controllers are necessary since the activation level of muscle changes according to
the angles of motions. The main assumptions of the controller are the EMG signals can be
detected from the muscles of the robot user and tremors are absent in his upper-limb.
4.2 Electromyography (EMG) Signals of Human Muscles
The electromyography signals abbreviated as EMG, represent the amount of electrical po-
tential generated by the muscle cells when they contract or when they are at rest. In the
process of designing control methods using EMG signals as input information, initially the
characteristics of the EMG signals have to be studied. This section describes the character-
istics, detection method, and feature extraction of EMG signals.
4.2.1 Characteristics of EMG Signals
Basically, EMG signals can be classied into two types according to the place where they
are extracted. The EMG signals detect from inside of the muscles are called as intramuscu-
lar EMG whereas EMG signals detect from skin surface of the muscles are called surface
EMG. The extraction procedure of intramuscular EMG signals is invasive. Although intra-
muscular EMG signals give better muscle activation pattern than that of the skin surface
EMG signals, they are difcult to use practically, since the invasive procedure of extraction.
Therefore, the skin surface EMG signals of the muscles are used as input information of
the controllers of exoskeleton robots. The frequency of the EMG signal varies in the range
of 10-2000Hz and the peak to peak value of the amplitude is within 0-10mV. Although
the amplitude of the EMG signals is usually stochastic in nature, it can be represented by
Gaussian distribution function. The EMG signals vary from person to person. In addition,
it differs for the same motion even with the same person. The physical conditions such
as tiredness, sleepiness, etc. and psychological conditions such as stress, happiness, etc.
affect the EMG signals. Therefore, characteristics of the EMG signals should be carefully
considered when developing control method for exoskeleton robots using EMG signals as
input information.
4.2.2 Detection of Surface EMG Signals
Detection methods of the EMG signals vary according to its type. Since almost all of the
EMG-based control methods use surface EMG signals, the surface EMG signal detection
method is discussed in this subsection. The same method is used for the detection of EMG
signals to get input information for the controller of the W-EXOS.
Detection procedure of surface EMG signals is illustrated in Fig. 4.1. First step of
the EMG signal detection procedure is attaching the surface electrodes [NE-101A, Nihon
Kohden Co., Japan] on the skin surface of the muscles. The electrode and the skin should be
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EMG electrodesElectrodes attached 
to a muscle
Input box ComputerAmplifier
Figure 4.1: Detection procedure of surface EMG signals. EMG electrodes, an eight-channel input
box, a multi-channel EMG amplier, and a personal computer are used to detect the
EMG signals.
































Figure 4.2: Example of a raw EMG signal and its RMS value. (a) Raw EMG signal. (b) RMS of
the EMG signal.
cleaned well before adhering on the skin. Usually, alcoholic liquid is used for the cleaning.
In this study, ethanol is used. A conductive ionic paste is applied between the skin and
the electrode to get rid of static electric insulation of dry skin. In this study, EEG paste
[Z-181JE, Nihon Kohden Co., Japan] is used as the conductive ionic paste. Usually, a
pair of surface electrodes is adhered on the skin surface of the muscle with a separation of
1cm [117]. Additionally, a reference electrode is attached on electrically unrelated tissue.
EMG signals are then passed to an input box. Input box consists of input channels for
several electrodes and a reference electrode. The input box [JB-620J, Nihon Kohden Co.,
Japan] used in this study has eight input channels for eight electrodes and another one
for the reference electrode. From the input box EMG signals are passed to multi-channel
amplier. The gain of the multi-channel amplier [MEG-6108, Nihon Kohden Co., Japan]
is set to 50 ¹V/V in this study. Amplied EMG signals are then passed to a computer via
an interface card [JIF-171-1, JustWare Co., Japan] by converting to digital signals. EMG
signals are processed on the computer for feature extraction.
4.2.3 Feature Extraction of Raw EMG Signals
Since raw EMG data is difcult to be dealt as input information for the controller of ex-
oskeleton robots, the features have to be extracted from the raw EMG data. Several feature
extraction methods are available for this purpose [118]. Some of them are mean absolute
value, mean absolute value slope, waveform length, zero crossings, and root mean square
value. The features of raw EMG data have to be extracted in real time to use EMG as input
information for the controllers of exoskeleton robots. Considering the advantage of abil-
ity of real time feature extraction, Root Mean Square (RMS) method is applied to extract
features of raw EMG in this study. RMS value can be stated as follows.
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Table 4.1: Muscles for the activation of wrist and forearm motions
Motion Activated muscles
Wrist exion Flexor carpi radialis, Flexor carpi ulnaris, Palmaris longus
Wrist extension
Extensor carpi radialis longus, Extensor carpi radialis brevis
Extensor carpi ulnaris, Extensor digitorum
Wrist ulnar deviation Flexor carpi ulnaris, Extensor carpi ulnaris
Wrist radial deviation
Extensor carpi radialis longus, Extensor carpi radialis brevis
Flexor carpi radialis, Abductor pollicis longus
Extensor pollicis brevis, Extensor pollicis longus
Forearm supination Supinator, Biceps brachii



















where, vi is the voltage value at the ith sampling and N is the number of samples in a
segment. The number of sample is set to be 100 and the selected sampling frequency is
2kHz in this study. Figure 4.2 shows an example for a raw EMG signal and its RMS value.
4.3 Muscle Selection for the Controllers
Since the forearm consists of many kinds of muscles [17], [119], [120], which are involved
in the motions of ngers, forearm, and elbow as well as wrist, it is not easy to predict
the wrist and forearm motion intention of the robot user based on the EMG signals of
the forearm muscles. Although some muscles are not bi-articular they act for more than
one motion. As an example, extensor carpi radialis brevis muscle activates both motions
of wrist extension and radial deviation. Also exor carpi ulnaris muscle activates both
motions of wrist exion and ulnar deviation.
The activated muscles, which generate the wrist and forearm motions, are listed in
Table 4.1. However, it is not easy to separately identify motions of wrist and forearm from
the EMG signals of the forearm muscles. As mentioned earlier in this chapter, EMG levels
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Figure 4.4: EMS RMS values of muscles for wrist and forearm motions. EMG RMS values for:
(a) Wrist exion motion, (b) Wrist extension motion, (c) Wrist radial deviation, (d)
Wrist ulnar deviation, (e) Forearm supination motion, and (f) Forearm pronation mo-
tion.
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Extensor carpi radialis brevis
Flexor carpi radialis
Forearm pronation Pronator teres
Forearm supination Supinator
differ for certain motions in accordance with joint angles. Therefore, several experiments
were carried out with two young healthy male subjects (subject A-28 years of age and
subject B-26 years of age) for different wrist and forearm motions. Experimental set-up
is shown in Fig. 4.3. Only six muscles of Table 4.1 (supinator, pronator teres, extensor
carpi radialis brevis, extensor carpi ulnaris, exor carpi radialis, and exor carpi ulnaris)
were taken to the experiments. Other muscles listed in Table 4.1 activate weakly for the
relevant motion and/or they are deep layer muscles (i.e., overlapped from other muscles)
in which surface EMG signals are difcult to be detected. Therefore, they were not taken
into the experiments. The locations of the electrodes were decided by studying the surface
anatomy [17] and the available literature [121] for the placement of electrodes. In the ex-
periment, individual wrist exion/extension and wrist radial/ulnar deviation were carried
out for natural [in Fig. 2.4(c), angle of 0 degree is the natural forearm posture], pronated
and supinated forearm postures. All the motions have been performed throughout their
full movable range. As an example, supination motion was carried out from fully pronated
position to fully supinated position and wrist radial deviation was from fully ulnar devi-
ated position to fully radially deviated position. By performing several experiments, the
pattern of EMG levels of each muscle for different motions were identied. Experimental
results for individual motions of wrist (wrist exion, wrist extension, wrist radial deviation,
and wrist ulnar deviation) for pronated forearm posture and individual motions of forearm
(forearm supination and forearm pronation) are shown in Fig. 4.4. Similar experimental
results were obtained for individual motions of wrist, for natural, and supinated forearm
postures except the changes in maximum EMG RMS values.
Following conclusions were derived by analyzing the experimental results. Although
the muscles of extensor carpi radialis longus, extensor carpi radialis brevis, extensor carpi
ulnaris, and extensor digitorum are responsible for the wrist extension motion, the muscles
of extensor carpi radialis brevis and extensor carpi ulnaris can be used to uniquely identify
the wrist extension motion. Simultaneous activation of both muscles generates wrist ex-
tension motion while extensor carpi radialis brevis also activates in wrist radial deviation
and extensor carpi ulnaris also activates in wrist ulnar deviation. Similarly, simultaneous
activation of exor carpi radialis and exor carpi ulnaris generates wrist exion motion

























Figure 4.5: Experimental set-up to nd the relationship between wrist and forearm torques and
EMGRMS values of related muscles. (a) Experimental set-up. (b) Digital force gauge
arrangement for: (1) forearm supination, (2) forearm pronation, (3) wrist exion, (4)
wrist extension, (5) wrist radial deviation, and (6) wrist ulnar deviation.
even though they are responsible for wrist radial and ulnar deviations, respectively. There-
fore, wrist exion motion can be estimated by considering simultaneous activation of the
exor carpi radialis and exor carpi ulnaris. Similarly, simultaneous activation of extensor
carpi radialis and exor carpi radialis generates wrist radial deviation. Thus, those muscles
can be used to uniquely identify wrist radial deviation. Simultaneous activation of exten-
sor carpi ulnaris and exor carpi ulnaris separates the wrist ulnar deviation from the other
wrist motions. Even though supinator and biceps brachii activate the forearm supination,
biceps brachii works only if elbow exion angle is about 90 degrees. Activation of only
the supinator muscle can identify forearm supination. The activation of pronator teres or
pronator qudratus can be used to identify forearm pronation although both are get activated
in the motion.
By taking into account the conclusions of the experimental results, combinations
of muscles listed in Table 4.2 are monitored to uniquely identify the forearm supina-
tion/pronation, wrist exion/extension, and wrist radial/ulnar deviation.
4.4 Fuzzy Rule Design
Fuzzy IF-THEN control rules are used in a fuzzy-neuro controller. In order to design fuzzy
IF-THEN control rules, preliminary experiments were performed with two healthy male
subjects (subject A-28 years of age and subject B-26 years of age). Experimental set-up is
shown in Fig. 4.5. It consists of a human subject, a digital force gauge [DS2-200N, Imada
Co. Ltd, Japan], and a personal computer. Initially, the movable ranges of each human
subject were measured. Each subject was instructed to carryout full range wrist radial
deviation and ulnar deviation keeping forearm and wrist in natural postures. Then, wrist







































Figure 4.6: Relationship between EMG RMS values and joint torques. (a) Wrist exion motion.
(b) Wrist ulnar deviation. Six similar kinds of plots are drawn for each motion.
exion and wrist extension motions were carried out for natural, supinated, and pronated
forearm postures. Finally, forearm supination and pronation were carried out for natural,
exed, and extended wrist postures. Each motion is carried out three times by each subject.
During the motions three readings of the digital force gauge were recorded in three separate
time instances. The EMG signals of six muscles (supinator, extensor carpi radialis brevis,
extensor carpi ulnaris, exor carpi radialis, exor carpi ulnaris, and pronator teres) were
monitored throughout the motions. Using the digital force gauge readings (R) and lengths
(l1,l2,l3) [see Fig. 4.5] approximate joint torque value for each recording is calculated for
each motion from the following equation.
Torquei = Rli (4.2)
where i =1,2,3. Joint torque for each motion is plotted against time. The best t linear
curve was derived from the plot. In the same plot, EMG RMS values of activated muscles
were plotted against time. In this way, three graphs were plotted for each motion for each
subject. The values of three fuzzy linguistic variables (ZO-Zero, PS-Positive Small, and
PB-Positive Big) of EMG RMS of each muscle are decided by examining six plots of EMG
RMS values. The average value of EMG RMS of six plots was taken for the particular
value. For instance, when deciding a fuzzy linguistic variable of PB, rst, PB for each plot
[PBj in Fig. 4.6(a)] of the muscle for the same motion was decided and then average value







Figure 4.6 shows two experimental results as an example. Figure 4.6(a) shows torque
of wrist exion/extension and the EMG RMS values of exor carpi radialis and exor carpi
ulnaris for wrist exion. The torque of wrist radial/ulnar and the EMGRMS values of exor
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In Table 4.3, Ch.i is Channel i, where i=1, 2, 3, 4, 5, 6. Fy is force sensor signal for y axis. T
is torque sensor signal. ¿1 and ¿2 are torque of forearm supination/pronation motion and wrist
exion/extension motion, respectively. `!=' represents not equal.
Table 4.3: Initial fuzzy IF-THEN control rules for wrist exion/extension and forearm supina-





04 Ch.1!=PB and Fy!=ZO and T=PS ¿1=PS




09 Ch.6!=PB and Fy!=ZO and T=NS ¿1=NS
10 Ch.6!=PB and Fy!=ZO and T=NB ¿1=NB
11 Ch.4=ZO and Ch.5=ZO or Ch.5=PS or Ch.5=PB ¿2=ZO
12 Ch.4=PS and Ch.5=ZO ¿2=ZO
13 Ch.4=PS and Ch.5=PS ¿2=NS
14 Ch.4=PS and Ch.5=PB ¿2=NS
15 Ch.4=PB and Ch.5=ZO ¿2=ZO
16 Ch4=PB and Ch.5=PS ¿2=NS
17 Ch.4=PB and Ch.5=PB ¿2=NB
18 Ch.4!=PB and T=ZO and Fy=NS ¿2=NS
19 Ch.4!=PB and T=ZO and Fy=NB ¿2=NS
20 Ch.2=ZO and Ch.3=ZO or CH.3=PS or Ch.3=PB ¿2=ZO
21 Ch.2=PS and Ch.3=ZO ¿2=ZO
22 Ch.2=PS and Ch.3=PS ¿2=PS
23 Ch.2=PS and Ch.3=PB ¿2=PS
24 Ch.2=PB and Ch.3=ZO ¿2=ZO
25 Ch.2=PB and Ch.3=PS ¿2=PS
26 Ch.2=PB and Ch.3=PB ¿2=PB
27 Ch.2!=PB and T=ZO and Fy=PS ¿2=PS
28 Ch.2!=PB and T=ZO and Fy=PB ¿2=PS
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In Table 4.4, Ch.i is Channel i, where i=2, 3, 4, 5. Fz is force sensor signal for z axis. T is torque
sensor signal. ¿3 is torque of wrist radial/ulnar deviation motion. `!=' represents not equal.
Table 4.4: Initial fuzzy IF-THEN control rules for wrist radial/ulnar deviation for natural forearm
and wrist postures
Rule If Then
1 Ch.2=ZO and Ch.4=ZO OR Ch.4=PS or Ch.4=PB ¿3=ZO
2 Ch.2=PS and Ch.4=ZO ¿3=ZO
3 Ch.2=PS and Ch.4=PS ¿3=PS
4 Ch.2=PS and Ch.4=PB ¿3=PS
5 Ch.2=PB and Ch.4=ZO ¿3=ZO
6 Ch.2=PB and Ch.4=PS ¿3=PS
7 Ch.2=PB and Ch.4=PB ¿3=PB
8 Ch.2!=PB and T=ZO and Fz=NS ¿3=PS
9 Ch.2!=PB and T=ZO and Fz=NB ¿3=PS
10 Ch.3=ZO and Ch.5=ZO or Ch.5=PS or Ch.5=PB ¿3=ZO
11 Ch.3=PS and Ch.5=PS ¿3=NS
12 Ch.3=PS and Ch.5=ZO ¿3=ZO
13 Ch.3=PS and Ch.5=PB ¿3=NS
14 Ch.3=PB and Ch.5=ZO ¿3=ZO
15 Ch.3=PB and Ch.5=PS ¿3=NS
16 Ch.3=PB and Ch.5=PB ¿3=NB
17 Ch.3!=PB and T=ZO and Fz=PS ¿3=NS
18 Ch.3!=PB and T=ZO and Fz=PB ¿3=NS
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carpi ulnaris and extensor carpi ulnaris for wrist ulnar deviation is shown in Fig. 4.6(b). For
a known EMG RMS value of exor carpi radialis, the torque of wrist exion/extension can
be found from Fig. 4.6(a). Those values were used to dene fuzzy IF-THEN control rules
for wrist/exion extension. Similarly, fuzzy IF-THEN control rules can be dened for other
motions. Each human subject wore the robot and try to perform wrist and forearm motions
without activating the motors of the robot. Then, the signals of the force/torque sensor were
measured. According to the signal values fuzzy linguistic variables (NB-Negative Big,
NS-Negative Small, ZO-Zero, PS-Positive Small, and PB-Positive Big) were dened for
the sensor signals. Calculating the torque values from the force sensor signals and lengths,
fuzzy IF-THEN control rules of force/torque sensors were dened. Table 4.3 shows the
fuzzy IF-THEN rules of wrist exion/extension for natural forearm posture and forearm
supination/pronation for natural wrist posture. Similar types of fuzzy IF-THEN control
rules were dened for other wrist and forearm postures. Dened fuzzy rules for the wrist
radial/ulnar deviation are shown in Table 4.4. Totally, ten set of fuzzy IF-THEN control
rules were dened. In the fuzzy rules, the generated hand force/forearm torque were con-
sidered to be more reliable when the user slightly activated the muscles (i.e., when the
EMG levels of the user were low), and EMG signals were considered to be more reliable
when the user considerably activated the muscles (i.e., when the EMG levels of the user
were high).
4.5 Fuzzy-Neuro Control Method
The input signals for the proposed control method of the W-EXOS are EMG signals and/or
the hand force/forearm torque. Hand force is the measured force from the three axes force
sensor when the robot user performs wrist exion/extension and/or radial/ulnar deviation.
Forearm torque is measured with the torque sensor when the robot user performs the fore-
arm supination/pronation. In the proposed control method, the power assist is carried out
based on the EMG activity levels and/or the hand force/ forearm torque according to the
fuzzy rules of the controller. EMG signals of six muscles are measured with electrodes
[NE-101A, Nihon Kohden Co., Japan] through an amplier [MEG-6108, Nihon Kohden
Co., Japan] to control the motions of the W-EXOS. The muscles are selected according to
the preliminary experimental results explained in the previous section. Monitored muscles
are supinator (SP), extensor carpi radialis brevis (ECRB), extensor carpi ulnaris (ECU),
exor carpi radialis (FCR), exor carpi ulnaris (FCU), and pronator teres (PT). The EMG
electrodes are attached channel-1 (ch.1) through channel-6 (ch.6) of EMG input box as
in the named order. The locations of EMG electrodes are shown in Fig. 4.7. RMS val-
ues of the measured EMG signals are calculated using equation 4.1 and used as the input
information for the fuzzy-neuro controllers.
In the control method, movable ranges of forearm supination/pronation and wrist
exion/extension are divided into three sections each and expressed by membership func-
tions as shown in Fig. 4.8. By expressing the range of each section with membership
functions, the controller can be gradually switched to membership functions of each sec-
tion according to angles of the motions. The movable range of wrist radial/ulnar deviation
is not divided into sections, since its movable range is comparatively narrow. The initial
fuzzy IF-THEN control rules are designed for each section based on the analyzed human














Figure 4.7: Locations of EMG electrodes. ch.1-ch.6 are SP, ECRB, ECU, FCR, FCU, and PT
respectively. (a) Front view of upper body. (b) Side view of upper body.













Figure 4.8: Membership functions of movable ranges. (a) Membership functions of movable
range of wrist exion/extension. Here, FA, IA, and EA are exed angle, interme-
diate angle, and extended angle, respectively. (b) Membership functions of movable
range of forearm supination/pronation. Here, PA, MA, and SA are pronated angle,
middle angle, and supinated angle, respectively.















































































































































































Figure 4.9: Fuzzy-neuro controllers architecture. (a) Architecture of one of the nine fuzzy-neuro
controller. (b) Architecture of the wrist radial/ulnar deviation controller.
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wrist and forearm motion patterns in a pre-experiment and then transferred to a neural
network to implement in a fuzzy-neuro controller. Therefore, nine fuzzy rule structured
neural network (fuzzy-neuro) controllers are designed in total for the forearm motion and
wrist exion/extension. For wrist radial/ulnar deviation, another fuzzy-neuro controller is
designed considering movable range of wrist radial/ulnar deviation as one section. The
architecture of one fuzzy-neuro controller [MA & IA controller in Fig. 4.11] is shown in
Fig. 4.9(a) as an example. The architectures of the other controllers are also similar to the
shown controller [Fig. 4.9(a)] except the changes in the connection between the fuzzier
and rule layers, since the fuzzy rules are different. The fuzzy-neuro controller of wrist
radial/ulnar deviation is shown in Fig. 4.9(b). Each fuzzy-neuro controller consists of ve
layers (input layer, fuzzier layer, rule layer, defuzzier layer, and output layer).
4.5.1 Input Layer
In Fig. 4.9, EMG RMS values and force/torque sensor signals are input to the input layer.
Six EMG RMS values, a force sensor signal [Fx], and a torque sensor signal are applied to
each forearm motion and wrist exion/extension fuzzy-neuro controllers. Four EMG RMS
values, a force sensor signal [Fz], and a torque sensor signal are applied to wrist radial/ulnar
deviation fuzzy-neuro controller. Fx and Fz are the force sensor signals for x and z axis,
respectively.
4.5.2 Fuzzier Layer
Input information is then fuzzied in the fuzzier layer. Three fuzzy linguistic variables
(ZO: Zero, PS: Positive Small and PB: Positive Big) are prepared for each EMG RMS
and 5 variables (NB: Negative Big, NS: Negative Small, ZO: Zero, PS: Positive Small and
PB: Positive Big) are prepared for each sensor signal and torque command. The nonlinear
functions fG and fS are applied to express the membership of the fuzzy linguistic variables.













where wo is the threshold value, wi is the weight value, and x is the input value. wo and wi
are estimated applying the same method used in sub section 4.5.2 in the chapter 4.
The membership functions are shown in Fig. 4.10. The weight value, wi and thresh-







=(w3 ¡ w5) (4.8)
wo(PB)=(¡1)log [1=H:rate¡ 1]¡ w5wi(PB) (4.9)
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Figure 4.10: Membership functions of fuzzy linguistic variables. (a) Membership functions of
the fuzzy linguistic variables of EMG RMSs. (b) Membership functions of the fuzzy
linguistic variables of sensor signals and torque commands of motors.
Programming codes for fuzzication are annexed in Appendix C.2. The weight value and




[(¡)w3 + (w3 + w4)=2]2
log [1=M:rate¡ 1] (4.10)
wo(PS)=(¡)w3 (4.11)
For the ZO membership function, weight value and threshold value (relates to the Sigmoid






=(w3 ¡ w1) (4.12)
wo(ZO)=(¡1)log [1=H:rate¡ 1]¡ w1wi(ZO) (4.13)
w1 to w5 used in equations 4.8 to 4.13 are dened in Fig. 4.10(a). The values of w1 to w5 of
each channel (i.e., each muscle) are given in Table C.1 of Appendix C.2. H:rate, M:rate
and L:rate are the parameters to dene the Sigmoid and Gaussian functions. In this study,
the values are decided as H:rate = 0:98,M:rate = 0:5, and L:rate = 0:02. Similarly, the
values of wi and wo for 5 fuzzy linguistic variables (NB, NS, ZO, PS, and PB) are dened







=(v7 ¡ v9) (4.14)
wo(PB)=(¡1)log [1=H:rate¡ 1]¡ v9wi(PB) (4.15)
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wi(PS)=
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[(¡)v7 + (v7 + v8)=2]2




[(¡)v5 + (v5 + v6)=2]2




[(¡)v3 + (v3 + v4)=2]2







=(v3 ¡ v1) (4.22)
wo(NB)=(¡1)log [1=H:rate¡ 1]¡ v1wi(NB) (4.23)
v1 to v9 used in equations 4.14 to 4.23 are dened in Fig. 4.10(b). The values of v1 to v9 of
force/torque sensor signals are given in Table C.2 of Appendix C.2.
4.5.3 Rule Layer
In the rule layer, dened fuzzy IF-THEN rules are applied. For the wrist radial/ulnar fuzzy-
neuro controller, eighteen fuzzy IF-THEN rules are applied. Numbers of applied fuzzy IF-
THEN control rules are different in each of the forearm motion and wrist exion/extension
fuzzy-neuro controller. In rule layer, ¼ is the multiplicand of the fuzzied inputs.
4.5.4 Defuzzier Layer and Output Layer
The defuzzication is carried out in the defuzzier layer. § is summation of inputs of
defuzzier layer. The following equation is used to calculate the outputs of the fuzzy-







Torquemotor¡j = (Output)(Xj) + FRj (4.25)
where, yki is the degree of tness of ith rule, wri is the weight for ith rule, N is number
of rules for the particular motion, X is the assist rate, FR is the friction compensation, and
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j = 1; 2; 3. The outputs of the forearm motion and wrist exion/extension fuzzy neuro con-
trollers are the torques of forearm supination/pronation motion and wrist exion/extension
motion. They are represented as ¿1 and ¿2 in the output layer of the fuzzy-neuro controller
respectively [see Fig. 4.10(a)]. The output, ¿3 of wrist radial/ulnar fuzzy-neuro controller
is the torque of the wrist radial/ulnar deviation motor [see Fig. 4.10(b)]. Controller out-
puts are multiplied by the power-assist rate and the friction compensation value is added to
obtain the torque commands of three motors as in equation 4.25.
The structure of the proposed control method of the W-EXOS is shown in Fig. 4.11.
It consists of nine fuzzy-neuro controllers for the forearm motion and the wrist exion/ ex-
tension. Another fuzzy-neuro controller is deployed for wrist radial/ulnar deviation. Input
information for the nine fuzzy-neuro controllers is the RMS values of six muscles (ch.1-
ch.6), the force sensor signal, and the torque sensor signal. In addition to the RMS values
of EMG signals and force/torque sensor signals, angles of forearm motion and wrist ex-
ion/extension are given as additional input information to the nine controllers for switching
the required controller according to the angles of forearm and wrist exion/extension mo-
tions. Input information for the wrist radial/ulnar fuzzy-neuro controller is the RMS value
of EMG signals obtained at four muscles (ch.2-ch.5), the force sensor signal and the torque
sensor signal. Force/torque sensor signals have been ltered with second order Butter-
worth lter [see Appendix C.1] with cut off frequency of 8Hz before using as an input to
the controller. In the controller, generated hand force/forearm torque is considered to be
more reliable when the user of the exoskeleton robot slightly activates the muscles (i.e., the
EMG activity levels of the user are low), and the EMG signals are more reliable when the
user considerably activates the muscles (i.e., the EMG activity levels of the user are high).
Therefore, the exoskeleton robot is controlled based on the generated hand force/forearm
torque when the EMG activity levels of the user are low, and the exoskeleton robot is
controlled based on the EMG signals when the EMG activity levels of the user are high.
Consequently, the exoskeleton robot can be controlled in accordance with the intention of
the user.
4.6 Controller Adaptation
The adaptation of the controllers to the conditions of the robot user is important [89], since
the EMG signal is a biological signal that varies according to the person and also to the
physical and psychological conditions of the same person even for the same motion. The
adaptation of fuzzy-neuro controllers is carried out by adjusting each weight values of
the fuzzy-neuro controller to minimize an evaluation function. In this study, error back-
propagation learning algorithm has been applied to minimize the squared error function. In
order to indicate motion intention of the user correctly, a motion indicator (i.e., a teaching
device) [Fig. 4.12] is directly operated by the user from his un-assisted arm.
4.6.1 Motion Indicator
The motion indicator used in this study is shown in Fig. 4.12. It has the same DOF and
the same link ratio as the exoskeleton robot. The exoskeleton robot user is supposed to
indicate the way of moving of the assisted forearm and wrist joints (i.e., the correct user
motion intention) using the motion indicator. The motion indicator consists of 7 encoders,













































Figure 4.11: Structure of the proposed control method. Input information for the controllers
is EMG RMSs, force/torque sensor signals, and angles of forearm and wrist ex-
ion/extension. Outputs from the controllers are three torque commands. Forearm
and wrist exion/extension controller has nine fuzzy-neuro controllers. PA & FA
is the controller which is dened for the forearm pronated region and wrist exed
region depicted in Fig. 4.8. Other controllers are also dened for the relevant regions
indicated by their names in Fig. 4.8.
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Figure 4.12: 7DOF motion indication system for controller teaching. (a) Motion indicator. (b)
Wiring details of the motion indicator.
ball bearings, thrust bearings, links, stepped shafts and a stand. Each encoder is connected
to the device by using a stepped shaft, a ball bearing and a thrust bearing. The motion
indicator has been designed for training of the complete upper-limb motions. In this study,
encoder-5, encoder-6, and encoder-7 are used for teaching the wrist and forearm motions.
4.6.2 Error Back-Propagation Learning Algorithm
The controller teaching is supposed to be performed 1, 2 minutes when the condition of the
user is changed. The evaluation function of error-back propagation learning algorithm for
the fuzzy-neuro controller training is given as follows.
E = 1=2
h





where µd is desired joint angle indicated by the motion indicator shown in Fig. 4.12, µ is
the joint angle of the robot, ® is the rate of EMG adaptation, and RMSd is the desired EMG
RMS level. Figure 4.13 shows the function of RMSd. Certain percentage of the maximum
value (X in Fig. 4.13) of each related EMG RMS are modeled as sinusoidal function at the
beginning and the ending of the motions and taken as RMSd. This modeling eliminates the
undesired errors of the RMSd at the beginning and the ending of the motions. In the middle
of the motions, the same percentage of the maximum value (X) of EMG RMS are taken as
RMSd. If the modulus of angle error, jµd ¡ µj and EMG RMS error, jRMSd ¡ RMSj are
within a threshold in any sampling point, that point is eliminated from the training. The
threshold value has been decided experimentally by performing several experiments.

















Figure 4.13: Function of RMSd
Table 4.5: Details of the human subjects used for the experiments
Subject Age [Years] Weight [kg] Height [cm]
A 28 60 171
B 29 74 176
C 27 64 170
4.7 Evaluation of Power-Assist
The experiments have been performed with three young healthy male subjects to evalu-
ate the effectiveness of power-assist by using the proposed control method. Details of the
human subjects are given in Table 4.5. In the rst experiment, subject-A performed in-
dividual and cooperative motions of wrist and forearm with and without power-assist of
the W-EXOS. Since the fuzzy rules were designed by the pre-experiments for subject-A,
controller adaptation is not considered in the rst experiment. Therefore, rst experiment
is same as applying only the fuzzy control to control the W-EXOS. Forearm and wrist mo-
tions have been performed with assist of the W-EXOS for three different power-assist rates:
lower rate, medium rate, and higher rate. When the human subject performed motions with-
out power-assist of the W-EXOS, the sensor signal based control [see next sub section] was
applied to cancel out the force between the robot and the user (i.e., not to disturb the motion
of the user). If the exoskeleton robot properly assists the motions the muscle activation lev-
els should be reduced with the power-assist. In the second and third experiments, subject-B
and subject-C performed wrist and forearm motions with power-assist of the exoskeleton
robot to show the adaptation ability of the controllers. EMG levels of related muscles
should be reduced to generate the same motion, after the adaptation of the controller for
the user.
4.7.1 Force/Torque Sensor Based Control
Force/torque sensor based control is applied to cancel out the force between the robot and
the user (i.e., not to disturb the motion the user) when the human subjects perform motions
without power-assist of the robot. The desired hand force and forearm torque are zero in





Figure 4.14: Lengths between axes of the W-EXOS.









T = Fsrh (4.30)
where uf is the force command vector, Kf is a force control gain which also considers the
frictional effect of each joint, ¿m is the torque command vector for each joint, Fy and Fz are
the generated forces measured through y and z axes of the 3 axes force sensor, T is torque






where lw is distance between wrist radial/ulnar deviation axis and wrist force sensor along
the forearm supination/pronation axis and ® is the wrist radial/ulnar deviation angle. loff ,
and rh are wrist axes off set and distance between strain gauges, respectively. lw, loff , and
rh are shown in Fig. 4.14.
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Figure 4.15: Experimental set-up for the evaluation of power-assist of the W-EXOS.
4.7.2 Experimental Set-up
The experimental set-up consists of the W-EXOS with the user, a personal computer (Intel
Pentium 4, 3.06 GHz processor) with an interface card [JIF-171-1, JustWare Co., Japan] an
EMG amplier, and a strain amplier. Figure 4.15 demonstrates the experimental set-up.
EMG electrodes are attached to the relevant locations [see Fig. 4.7] of the muscles of human
subjects. Amplied EMG and force/torque sensor signals are sent to the personal computer
via interface card. In the personal computer, controller calculates the torque commands
of motors according to the obtained EMG activity levels and sensor signals. Calculated
torque commands have been applied to the motor drivers. Motor drivers actuate the motors
according to the given torque commands and then the relevant wrist and forearm motions
are generated. The rotations of the motors are measured using the encoders and they were
used to give a feedback signal to the the personal computer via the interface card.
4.7.3 Experimental Results
EMG RMS levels of extensor carpi ulnaris and extensor carpi radialis brevis of subjects-A
for combined motions of wrist radial deviation and wrist extension (power-assist rate=20%)
are shown in Fig. 4.16. Figure 4.16 shows that the average value of EMG RMS of extensor
carpi radialis brevis has reduced from 3.17 to 2.58 with the power-assist of the W-EXOS
for the motion. The EMG RMS value reduction is by 18.61%. The reduction of average
value of EMG RMS of extensor carpi ulnaris is by 18.68% for the same motion. Therefore,
the W-EXOS has assisted the motion approximately equal assist rate that has been set in







































Figure 4.16: Experimental results of subject-A for wrist extension and radial deviation. (a) With
20% power-assist. (b) Without power-assist
the program (20%). The experimental results (raw EMG data) of subject-A for coopera-
tive motions of forearm pronation (from fully supinated position to fully pronated position)
and wrist ulnar deviation (from fully radially deviated position to fully ulnar deviated po-
sition) are presented in Fig. 4.17 for the power-assist rate of 40%. With the power-assist of
the W-EXOS the EMG RMS values of relevant muscles for the motions have reduced by
approximately 40%. The raw EMG signal values of exor carpi ulnaris for wrist exion
(assist rate=55%) are shown in Fig. 4.18. From the activation level of exor carpi ulnaris
(ch.5), it can be seen that the activation level was reduced when robot assisted the motion.
The experimental results [Fig. 4.16, Fig. 4.17, and Fig. 4.18] prove that the exoskeleton
robot can assist the human forearm and wrist motions. In addition, the experimental results
prove that the controller is effective to power-assist for different power-assist rates.
Subject-B and subject-C performed the motions to show the adaptation ability of the
controller by applying 40% of power-assist. The experimental results of before and after
adaptation of the controller for subject-B are shown in Fig. 4.19. Figure 4.19 shows that the
raw EMG data of the muscles of wrist exion/extension has reduced after the adaptation of
the controller. Figure 4.20 shows the experimental result for wrist exion/extension motion
and radial deviation motion of subject-C for before and after adaptation of the controller.
From Fig. 4.20, it can be seen that EMG RMS values of the muscles has reduced because of
the adaptation of the controller. The average EMG RMS value of muscles of extensor carpi
radialis brevis and exor carpi radialis have been reduced 21.04% and 46.27%, respectively
[Fig. 4.20(a) and Fig. 4.20(b)]. From the experimental results [Fig. 4.19 and Fig. 4.20],
one can see that the muscle activation levels (raw EMG signal values and EMG RMS) are
reduced and motion become smoother after the adaptation of the controller to the users.
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Figure 4.17: Experimental results of subject-A for cooperative motion of forearm pronation and
wrist ulnar deviation. (a) With 40% power-assist for forearm pronation. (b) With
40% power-assist for wrist ulnar deviation. (c) Without power-assist for forearm
pronation. (d) Without power-assist for wrist ulnar deviation.
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Figure 4.19: Experimental results of controller adaptation for subject-B. (a) Wrist ex-
ion/extension after adaptation. (b) Wrist exion/extension before adaptation.
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Figure 4.20: Experimental results of controller adaptation for subject-C. (a) After adaptation for
wrist exion/extension. (b) Before adaptation for wrist exion/extension. (c) Wrist
radial deviation after adaptation. (d) Wrist radial deviation before adaptation.
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4.8 Summary
This chapter proposed an EMG-based fuzzy-neuro control method to control the W-EXOS.
The proposed method employed multiple fuzzy-neuro controllers which are switched mod-
erately according to the angles of motions. Six muscles were selected for the control
method by performing experiments and muscle combinations were selected to uniquely
identify each motion. Fuzzy IF-THEN control rules were dened by the experiments which
were performed to nd the relationship between EMG activity levels and generated joint
torques. Dened fuzzy rules can estimate each joint motion separately. Totally 10 fuzzy-
neuro controllers have been applied in the control method. The control method is able to
cater the problems of EMG signal differences in accordance with the motion angle of each
joint by applying multiple fuzzy-neuro controllers. Effectiveness of the power-assist of the
proposed control method has been evaluated for different power-assist rates by performing
experiments. In addition, effectiveness of the adaptation ability of the proposed control
method has been evaluated by the experiments.
Chapter 5
Development of a 6DOF Upper-Limb
Exoskeleton Robot
This chapter proposes a 6DOF upper-limb exoskeleton robot to assist the physically weak
individuals. The 6DOF upper-limb exoskeleton robot is named as SUEFUL-6 which stands
for 6DOF Saga University Exoskeleton For Upper-Limb. The hardware design of the
SUEFUL-6 is explained in this chapter. The SUEFUL-6 can generate the motions of shoul-
der horizontal and vertical exion/extension, elbow exion/extension, forearm supination/
pronation, wrist exion/extension and wrist radial/ulnar deviation.
5.1 Hardware Design of the 6DOF Upper-Limb Exoskeleton Robot
The SUEFUL-6 has been designed to wear on the right upper-limb as shown in Fig. 5.1.
Considering the fact that most physically weak persons use wheel chairs, the SUEFUL-6
is designed in such a way that it could be installed on a wheel chair. Therefore, the user
does not feel the weight of the robot. The SUEFUL-6 consists of shoulder motion, elbow
motion, forearm motion, and wrist motion assist parts. Figure 5.2 demonstrates the motions
of the SUEFUL-6.
5.1.1 Shoulder Motion Assist Part
The shoulder motion assist part of the SUEFUL-6 consists of an upper-arm link, driven
pulleys for shoulder horizontal and vertical exion/extension motions, potentiometers, an
arm holder, a slider and the mechanism for moving center of rotation (CR) [36]. In order
to generate shoulder horizontal and vertical exion/extension motions, motor pulleys act as
driver pulleys and pulleys connected to the shoulder joint act as driven pulleys. The motors
for the shoulder horizontal and vertical exion/extension motions have been xed at the
separate locations of the frame of the robot as shown in Fig. 5.5. Motor-A and motor-B are
the motors responsible for the shoulder horizontal and vertical exion/extension motions,
respectively. The rotational motions generated in the motors are transferred to the shoulder
by pulleys and cable drives. The arm holder is xed to upper-arm link as shown in Fig. 5.1.
The arm holder is made of thin exible plastic with a fabric hook-and-loop fastener (i.e.,
magic tape, Velcro) to hold the upper-arm of the user. The distance between the arm holder
and the CR of the shoulder joint of the exoskeleton is adjusted automatically by a slider
mechanism, in accordance with the shoulder motion, in order to cancel out the ill effects
caused by the position difference between the CR of the robot shoulder and the human
shoulder [36]. Details of mechanism of CR and activation of slider and upper-arm links
can be found in [36].
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Figure 5.1: SUEFUL-6: 6DOF upper-limb motion power-assist exoskeleton robot.
5.1.2 Elbow Motion Assist Part
The distal end of the upper-arm link is attached to the elbow joint. The 1DOF elbow motion
assist part of the exoskeleton robot consists of the proximal forearm link, a pulley, and a
potentiometer. The motor pulley acts as driven pulley to generate elbow exion/extension
motion. Motor-C drives a pulley to generate elbow exion/extension motion and is xed
in a separate location on the frame of the robot as shown in Fig. 5.5. The rotational motion
generated in the motor-C is transferred to the elbow pulleys of the SUEFUL-6 through a
cable drive.
5.1.3 Forearm Motion Assist Part
The forearm motion assist part consists of the forearm cover, the distal forearm link, a DC
motor, forearm force sensor, a wrist holder, and strain gauges [see Fig. 5.3]. The design of
forearm cover is same as that of the forearm cover of the W-EXOS explained in section 3.1
of chapter 3. The motor for supination/pronation motion, motor-D is attached to the outer
housing of the forearm cover. The rotational motion generated from the motor is transferred
to the inner frame of the forearm cover through a pair of spur gears. The outer frame of the
forearm cover and the inner frame are assembled through two bearings in such a way that
the forearm can be inserted into the hole of the hollow cylinder [see Fig. 5.3]. The inner










Figure 5.2: CADmodel of the SUEFUL-6 with axes of rotation. x, y, and z indicates the Cartesian
coordinate system. Number 1 to 6 indicates the axis for shoulder horizontal and ver-
tical exion/extension, elbow exion/extension, forearm supination/pronation, wrist
exion/extension and radial ulnar deviation, respectively.
frame of the forearm cover rotates with respect to the xed outer frame to generate forearm
supination/pronation motion. The proximal forearm link is attached to the outer frame of
the forearm cover through the forearm force sensor as shown in Fig. 5.3. The distal forearm
link is attached to the inner frame of the forearm cover and to the wrist holder. The wrist
holder can be worn on the forearm of the user. Since the distal forearm link is attached
to the inner frame of forearm cover, the wrist holder rotates with the rotating inner frame.
Thereby the forearm is rotated to generate supination/pronation motion.
5.1.4 Wrist Motion Assist Part
The wrist motion assist part consists of a link attachment, two DC motors, two drive and
driven bevel gear pairs, a palm holder, a wrist force sensor and a wrist link which connects
the palm holder and the link attachment [see Fig. 5.1 and Fig. 5.3]. The motor for wrist
exion/extension motion, motor-E is xed on the distal forearm link. The rotational motion
generated in the motor-E is transferred to the wrist exion/extension axis through a bevel
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Figure 5.3: Forearm and wrist motion assist parts of the SUEFUL-6.
gear pair as presented in Fig. 5.3. The distal forearm link is attached with the link attach-
ment using a thrust bearing, a ball bearing, and a stepped shaft to form a revolute joint. The
link attachment rotates with respect to the distal forearm link. The rotation of link attach-
ment generates the wrist exion/extension motion which is transferred to the hand of user
by the palm holder. Motor-F is attached to the link attachment for the wrist radial/ulnar
deviation as illustrated in Fig. 5.3. The rotational motion generated in the motor-F is trans-
ferred to the wrist radial/ulnar axis through a bevel gear pair. The wrist link is attached
to the link attachment using a thrust bearing, a ball bearing, and a stepped shaft to form
a revolute joint. The wrist link rotates with respect to the link attachment. The rotation
of wrist link generates the wrist radial/ulnar deviation motion which is transferred to the
hand of user by the palm holder. The palm holder and the wrist force sensor are attached to
the wrist link. The link attachment has been designed to provide the axes deviation of the
radial/ulnar axis and the exion/extension axis as explained in section 3.1 of the chapter 3.
Engineering drawings of key parts of the SUEFUL-6 are given in Appendix A.
As in the case of the W-EXOS, safety features are installed in the SUEFUL-6 in its
mechanical design and control program. For safety, mechanical stopper prevents the ex-
oskeleton from exceeding anatomical joint limits. The mechanical design of the SUEFUL-6
does not include sharp edges in its mechanical structure. In addition, each motor has an
individual switch and there is an emergency stop switch on the SUEFUL-6 in an easily ac-
cessible place. Moreover, the maximum torque and maximum velocity of the exoskeleton
robot are limited by the control program to prevent sudden unexpected motions.
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Table 5.1: Movable ranges of the SUEFUL-6
Motion
Movable ranges of Average movable ranges
the SUEFUL-6 [Deg] of human [Deg]
Shoulder vertical extension 0 60
Shoulder vertical exion 90 180
Shoulder horizon extension 0 30
Shoulder horizontal exion 90 135
Elbow extension 0 5
Elbow exion 120 145
Forearm supination 80 90
Forearm pronation 60 90
Wrist exion 60 70
Wrist extension 50 60
Wrist radial deviation 20 25
Wrist ulnar deviation 30 35
Considering the safety of the user and the minimally required motion in daily activi-
ties the limitation of the movable ranges of the SUEFUL-6 is decided as shown in Table 5.1
and the movable ranges of the SUEFUL-6 are shown in Fig. 5.4.
5.2 Actuators and Sensors
DC servo motors are used as the actuators of the SUEFUL-6. The motor selection is based
on the torque requirement, size of the motor (i.e., length and diameter), weight, and encoder
type. For the shoulder vertical exion/extension motion RHS series DC servo actuator
[RHS-25-6018- E100DO, Harmonic drive systems Inc., Japan] is selected. Another RHS
series DC servo actuator [RHS-14-3003T, Harmonic drive systems Inc., Japan] is selected
for each shoulder horizontal exion/extension and elbow exion/extension motion. Same
type of motors that are used for the forearm and wrist motions of the W-EXOS are selected
as actuators of the forearm and wrist motions of the SUEFUL-6. The forearm supina-
tion/pronation actuator is a RH series DC servo motor [RH-8D-6006-E0360D0, Harmonic
drive systems Inc., Japan]. Each wrist actuator is another RH series DC servo motor [RH-
5A-4402-036A0, Harmonic drive systems Inc., Japan]. Details of the shoulder and elbow
actuators are listed in Table 5.2. Details of the forearm and wrist actuators can be referred
from Table 3.2 in the chapter 3.
Encoder of the shoulder vertical motion motor [E100DO], tacho-generator of the
shoulder horizontal motion motor and elbow motion motor, three potentiometers [6187
R1K L1.0], two force sensors [PD3-32-05-080, NITTA Co., Japan], and two strain gauges
[KFG-1-120-C1-11N30C2, Kyowa Electronic Instruments Co. Ltd, Japan] are used as
sensors of the SUEFUL-6. Potentiometers are attached on the shoulder and elbow joints.
Forearm force sensor is xed between the proximal forearm link and the forearm cover.
Wrist force sensor is installed between the distal end of wrist link and the palm holder.
Strain gauges are xed to the connecting beams of the distal forearm link and the wrist
holder as shown in Fig. 3.3(c). Details of the shoulder and elbow motor encoders and

























Figure 5.4: Movable ranges of the SUEFUL-6. Movable range of the motions of: (a) shoulder
vertical exion/extension, (b) shoulder horizontal exion/extension, (c) elbow ex-
ion/extension, (d) forearm supination/pronation, (e) wrist exion/extension, (f) wrist
radial/ulnar deviation.
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Table 5.2: Actuators for shoulder and elbow motions
Actuator details
Axis
Shoulder vertical Shoulder horizontal Elbow
exion/extension exion/extension exion/extension
Model No. RHS-25-6018-E100DO RHS-14-3003T RHS-14-3003T
Rated output 185 25 25
power[W]
Max. continuous 36 8.8 8.8
torque[Nm]
Torque 11.5 18 18
constant[Nm/A]
Rated voltage[V] 75 75 75
Peak current[A] 10 2 2
Max. output 80 50 50
speed[rpm]
Gear ratio of 50 100 100
motor gear head
Table 5.3: Details of encoders and potentiometers of shoulder and elbow joints
Sensor Detail Value/Detail





Input voltage[V] DC 5-12
Tacho-generator of shoulder horizontal
Output Voltage[V] DC 3
and elbow motion motors
Max. rotation speed[rpm] 5000
Breakdown voltage[V/min] 500
Potentiometer
Model No. 6187 R1K L1.0
Resistance range[­] 1000
Power rating[W] 1
Max. input voltage[V] DC 400
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potentiometers are listed in Table 5.3. Other three motor encoders, strain gauges, and force
sensors are of same type that are used on the W-EXOS. Their details can be referred in
Table 3.3 in the chapter 3. The signal diagram of the SUEFUL-6 is annexed in Appendix
D.3.
5.3 Power Transmission
Since the motors for shoulder and elbow motions are attached at separate locations (or
wheel chair of the physically weak person), cable drives are used to transmit power to
shoulder and elbow joints of the SUEFUL-6. A pulley is attached to the motor shaft and the
joint shaft [see Fig. 5.1]. A cable connects motor pulley and shaft pulley to transmit power
to each shoulder and to elbow joint. A spur gear pair (gear ratio-1:3) is used to transmit
power for the supination/pronation motion. The gear wheel is attached to the inner frame of
the forearm cover by removing the cylindrical piece of material to obtain a hole as shown
in Fig. 5.3. The pinion is attached to the motor shaft. Bevel gear pairs (gear ratio-1:2) are
used to transmit the power for the wrist exion/extension and wrist radial/ulnar deviation.
The bevel pinion is attached to the motor shaft and bevel wheel is attached to the shaft that
xed to the other relevant link of the wrist joint as shown in [see Fig. 3.2(b) and (c)].
5.4 Electrical Circuit of the SUEFUL-6
Electrical circuit of the SUEFUL-6 comprises of a personal computer (Intel Pentium 4,
3.06 GHz processor) with two interface cards [RIF-171-1 and JIF-171-1, JustWare Co.,
Japan], three motor drivers for motors of shoulder and elbow motions [HS-250-6-S2, HS-
250-3-S2,HS-250-2-S2, Harmonic drive systems Inc., Japan], another two motor drivers
[HRT07-0004, ZUCO Co., Japan] for motors of forearm and wrist motions. In addition,
it consists of a 24V DC power suppliers [R100U-24, Cosel Co. Ltd, Japan], a 12V DC
power supply [R50A-12, Cosel Co. Ltd, Japan], a 24V to 5V converter [SUCS32405C,
Cosel Co. Ltd, Japan], a 24V to §12V converter [ZUW252412, Cosel Co. Ltd, Japan],
a fuse [250Va.c., 35A, 5x20mm], a strain gauge amplier [DMP-110A, Kyowa Electronic
Instruments Co. Ltd, Japan], and a strain gauge bridge box [DB-120K, Kyowa Electronic
Instruments Co. Ltd, Japan].
Analog signals of potentiometers and force sensors of the robot have been connected
to the AD ports of the RIF interface card. Torque commands for the motors have been
linked to the DA ports of two interface cards. Encoder output signals have been channeled
to the encoder pins (APha, BPha, and ZPha) of the JIF interface card. Details of the wiring
diagram, power diagram, and signal diagram of the SUEFUL-6 are given in Appendix D.
5.5 Evaluation of Mechanical Design
Experiments have been carried out to evaluate the mechanical design of the SUEFUL-6
with a young healthy male subject (29 years old). The purposes of the experiments are to
conrm that the SUEFUL-6 is able to generate the required motions and movable ranges. In
addition, experiments have been performed to conrm that the hardware of proposed robot
allows natural motions without any disturbance. In the rst experiment, the movable ranges
of each individual motion of the SUEFUL-6 are to be found. A torque command which can
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activate the motion throughout the movable range was supplied to each motor. The rotated
angle was measured for every motion using either motor encoder or potentiometers. In the
second experiment, sensor signal based control was carried out to conrm that the hardware
of the SUEFUL-6 can allow natural motions without disturbance.
The desired values of force sensor signals are zero in the force sensor signal based
control. The concept of sensor signal based control is represented in following equations.








where uf , uw are the forearm and wrist force control command vectors, respectively, Kf ,
Kw are the gains for forearm and wrist force errors, respectively. fdf , fdw are the forearm
and wrist desired force vectors, respectively and ff , fw are the generated forearm and wrist
force vectors measured by forearm and wrist force sensors, respectively. ¿f , ¿w are the
forearm and wrist joints torque command vectors and Jf , Jw are the forearm and wrist
Jacobian matrices, respectively. Jf is calculated considering the elbow and shoulder joints
and Jw is calculated considering the wrist joint (see Appendix E.3 for an example for the
deriving of a Jacobian matrix). Kf and Kw are decided by considering the frictional effect
of each joint. Potentiometer signals and force sensor signals have been ltered with a
second order Butterworth lter having cut off frequency of 8Hz [see Appendix C.1].
5.5.1 Experimental Set-up
Figure 5.5 shows the experimental set-up for the evaluation of mechanical design of the
SUEFUL-6. It consists of the robot with the user, a personal computer (Intel Pentium 4,
3.06 GHz processor) with two interface cards [RIF-171-1 and JIF-171-1, JustWare Co.,
Japan]. Torque commands have been applied to the motor drivers. Motor drivers actuate
the motors according to the torque commands. The rotations of motors are measured from
encoders or potentiometers and fed back to the personal computer via the interface card.
5.5.2 Experimental Results
Experimental results of forearm and wrist motions are presented in Fig. 5.6. It shows
that the SUEFUL-6 can generate the forearm and wrist motions throughout the designed
movable ranges. Experimentally obtained movable ranges for shoulder and elbow motions
are shown in Fig. 5.7. It shows that the SUEFUL-6 can generate the shoulder motions of
vertical and horizontal exion and elbow exion. In addition, the same gure shows that
the SUEFUL-6 can generate shoulder and elbow motions throughout designed movable
ranges. The experimental results [Fig. 5.6 and Fig. 5.7] conrm that the SUEFUL-6 is
able to generate the required motions and movable ranges. The experimental results of
sensor signal based control is shown in Fig. 5.8. Figure 5.8(a) shows that the exoskeleton
robot allowed shoulder and elbow motions without any disturbance when perform sensor
signal based control. A similar result obtained for the wrist exion motion is depicted in
Fig. 5.8(b). The experiment results of Fig. 5.8 conrms that the hardware of the SUEFUL-6
can allow natural motions without disturbance.
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Figure 5.6: Movable ranges of forearm and wrist motions. (a) Pronation, wrist extension, and
ulnar deviation. (b) Supination, wrist exion, and radial deviation.
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Figure 5.7: Experimental results to conrm movable range of (a) shoulder vertical exion motion,
(b) shoulder horizontal exion motion, (c) elbow exion motion.









































































Figure 5.8: Experimental results of sensor signal based control. (a) Combined motions of shoul-
der and elbow joint. (b) Wrist exion motion.
5.5.3 Summary
This chapter proposed a 6DOF upper-limb exoskeleton robot (SUEFUL-6) to assist the
upper-limb motions of physically weak individuals. The hardware design of the SUEFUL-
6 was explained. The SUEFUL-6 can generate shoulder horizontal and vertical exion/
extension, elbow exion/extension, forearm supination/pronation, wrist exion/extension,
and wrist radial/ulnar deviation. The experiments were performed to conrm that the
SUEFUL-6 is able to generate the required motions and movable ranges. In addition, ex-
perimental results conrmed that the hardware of robot allows natural motions without any
disturbance.
Chapter 6
Impedance Control Method of the
6DOF Exoskeleton Robot
This chapter explains the control method of the SUEFUL-6. EMG-based fuzzy-neuro con-
trol method with multiple fuzzy-neuro controllers which was explained in chapter 4 is one
of the most effective control methods to control exoskeleton robots. However, control rule
design becomes complicated when the degree of freedom of the power-assist is increased
since the number of multiple controllers increase largely. Since the human beings can mod-
erately control the upper-limb impedance [122], the controller of the SUEFUL-6 should
have the ability to control the upper-limb impedance to generate a motion similar to human
upper-limb motion. Therefore, a new control method is proposed for the SUEFUL-6. In
the proposed method, impedance controller is applied to the muscle-model-oriented con-
trol [92] considering the hand force vector (i.e., hand motion vector). Impedance parameter
adjustment method is also proposed for the controller. In the control method, EMG signals
are applied as primary input information. The proposed control method is evaluated for the
upper-limb motion power-assist.
6.1 Identication of Muscles for Upper-Limb Motions
Many muscles are involved to generate upper-limb motions. Some of them are bi-articular
muscle and others are uni-articular. Also agonist-antagonist muscles exist in upper-limb.
In the control method of the SUEFUL-6, EMG RMS values of upper-limb muscles are
supposed to be used as the primary input. Therefore, muscles should be identied to moni-
tor the EMG signals. The relationships between the human upper-limb motions and related
muscles activities are analyzed by performing experiments. In [112], an electromyographic
study has been carried out to nd out upper-limb adduction force with varying shoulder and
elbow postures. Kronberg et al., [113] have studied about the muscle activity and the coor-
dination in the normal shoulder. In [114], small-sized training set of EMG signal data have
been used to identify upper-limb movements. In this study, experiments are preformed to
identify the minimum number of muscles for the estimation of daily upper-limb motions
and to gure out muscle combinations which can be identied basic upper-limb motions.
In the experiments, basic motions of upper-limb (i.e., shoulder horizontal and vertical ex-
ion/extension, adduction/abduction, and internal/external rotation; elbow exion/extension,
forearm supination/pronation, and wrist exion/extension and radial/ulnar deviation) and
six common daily activities are performed. The daily activities are (1) eating by a hand,
(2) pouring from a bottle, (3) moving the upper-limb for drinking from a cup, (4) combing
hair, (5) picking up a phone on a table, and (6) opening a door.
79
80 6. IMPEDANCE CONTROL METHOD OF THE 6DOF EXOSKELETON ROBOT
6.1.1 Method of Analysis
In order to obtain the relationships between the human upper-limb motions and related ac-
tivities of muscles, the experiments are performed with 26 and 28 years old healthy male
subjects (A and B). In the experiment, the basic motions and the selected daily activities
are performed three times by each subject. Figure 6.1 shows the initial position and motion
range of each basic motion in these experiments. The daily activities are performed in either
standing or sitting posture in accordance with the nature of the activity. Except `opening
a door', the others are performed in sitting posture. Initial posture of the upper-limb also
depends on the nature of the activity. Initial and nal postures of the daily activities are
shown in Fig. 6.2. The angles of each upper-limb joint of the subject during the activities
are measured by the motion capture system (Vicon MX+) [115]. Reective markers are
attached to the subjects at key anatomical locations as shown in Fig. 6.3. Considering the
muscle characteristics, 16 muscles [ch.1: Deltoid-anterior, ch.2: Deltoid-posterior, ch.3:
Pectoralis major-clavicular part, ch.4: Teres major ch.5: Pectoralis major, ch.6: Infraspina-
tus, ch.7: Biceps brachii, ch.8: Triceps brachii, ch.9: Brachialis, ch.10: Supinator, ch.11:
Pronator teres, ch.12: Pronator quadratus, ch.13: Extensor carpi radialis brevis, ch.14: Ex-
tensor carpi ulnaris, ch.15: Flexor carpi radialis and ch.16: Flexor carpi ulnaris] are selected
for the analysis. EMG signals of selected muscles are measured for the basic upper-limb
motions and selected daily activities. In order to analyze the EMG signals, features are
extracted from the raw EMG data.
6.1.2 Results of the Analysis
From the experimental results, it can be identied that the EMG activity levels of the ba-
sic motions explained in section 2 depend on the joint angles and the upper-limb posture.
It further conrmed results in the literature [111], [112]. Although some muscles are not
bi-articular muscles, they act for few motions. It is identied that extensor carpi radialis
brevis muscle is activated in both motions of wrist extension and radial deviation. Also
extensor carpi ulnaris muscle is activated in both wrist extension motion and ulnar devi-
ation. Flexor carpi radialis muscle is activated in both wrist exion and radial deviation.
Although exor carpi ulnaris is not a bi-articular muscle, it is activated in both wrist ex-
ion and ulnar deviation. By analyzing experimental results, it is identied that some basic
motions can be separated within the experimental motion ranges by using combinations of
related muscles. Although many muscles are involved in wrist motions, basic wrist motions
(i.e., wrist exion/extension and wrist radial/ulnar deviation) can be uniquely identied in
any forearm posture by considering simultaneous activation of two muscles. In wrist and
forearm motions, almost similar experimental results were obtained as in Fig. 4.4.
The elbow exion motion is generated by the muscles of biceps brachii, brachialis,
and brachioradialis. However, from the analysis, it was found that only the brachialis mus-
cle can be used to identify the motion [see Fig. 6.4(a)] when shoulder angles maintained
at 0 degrees. Although several muscles activates for shoulder motions, activation of one
or two muscles can be used to identify each shoulder motion. As shown in Fig. 6.4(e),
activation of infraspinatus and/or deltoid-posterior can be used to identify external rota-
tion within the experimented motion ranges. Activation of the whole deltoid muscle (i.e.,
anterior and posterior) can be used to recognize the shoulder abduction [see Fig. 6.4(d)]


















































Figure 6.1: Initial position and motion range of basic motions. (a) Shoulder motions. (b) Elbow
motions. (c) Wrist motions.
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Initial posture of  activity (5) Final posture of  activity (5)
Figure 6.2: Initial and nal positions of daily activities (1) - (6).
(a) (c)(b)
Figure 6.3: Locations of reective markers. (a) Front view. (b) Side view. (c) Rear view.
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(a) (b)
(c) (d) (e)
Figure 6.4: Relationships of EMG RMSs and basic elbow and shoulder motions. (a) Elbow ex-
ion. (b) Shoulder horizontal exion. (c) Shoulder vertical exion. (d) Shoulder ab-
duction. (e) Shoulder external rotation.
within the experimented motion ranges. When the shoulder internal rotation is not acti-
vated, teres major and pectoralis major simultaneously generate shoulder adduction in the
experimented motion range. When shoulder vertical motion angle is within 0 to 90 degrees,
pectoralis major-calvicular part can be used [see Fig. 6.4(b)] to identify shoulder horizon-
tal exion. Deltoild-anterior and pectoralis major can be used to identify shoulder vertical
motion [see Fig. 6.4(c)].
Every daily activity of upper-limb is a combination of basic upper-limb motions.
Therefore, the relationship between each basic motion angle and related muscle activities
are analyzed. A daily activity is explained in detail here as an example. In the activity of
for moving the upper-limb drinking from a cup, initially the hand was kept near the cup
on the table as shown in Fig. 6.2. The nal position of the hand was near the mouth. The
activity was carried out in sitting position. In the activity, each upper-limb joint motion
of subject-A were generated as follows. At rst elbow exion and the shoulder internal
rotation were carried out at the same time. Then, shoulder was vertically exed and ad-
ducted. When the cup came near the mouth, forearm pronation was carried out. Finally,
wrist exion and radial deviation were carried out. However, forearm and wrist motions




















Figure 6.6: Relationships between muscle activities and motion angles for moving the upper-limb
drinking from cup. (a) Shoulder vertical exion (SV) angle. (b) Shoulder adduction
(SAD) angle. (c) Elbow exion angle. (d) Forearm pronation angle.
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Table 6.1: Muscles for identifying the upper-limb motions
Motion Muscles
Shoulder vertical exion Deltoid-anterior, pectoralis major-clavicular part
Shoulder vertical extension Deltoid-posterior, teres major
Shoulder horizontal exion Pectoralis major-clavicular part
Shoulder horizontal extension Deltoid-posterior
Shoulder abduction Deltoid-anterior, deltoid-posterior
Shoulder adduction Teres major, pectoralis major
Shoulder internal rotation Deltoid-anterior, teres major
Shoulder external rotation Infraspinatus
Elbow exion Biceps brachii, brachialis
Elbow extension Triceps brachii
Forearm supination Supinator
Forearm pronation Pronator teres
Wrist exion Flexor carpi radialis, exor carpi ulnaris
Wrist extension Extensor carpi radialis brevis, extensor carpi ulnaris
Wrist radial deviation Extensor carpi radialis brevis, exor carpi radialis
Wrist ulnar deviation Extensor carpi ulnaris, exor carpi ulnaris
were minimal. Figure 6.5 shows the sequence of joint motion activation by the subject-
A in moving the upper-limb for drinking from cup activity. The relationship between the
shoulder vertical exion angle and EMG RMS levels of the related muscle are shown in
Fig. 6.6(a). As shown in Fig. 6.6(a), the shoulder vertical exion motion of this activity
can be identied considering the simultaneous activation of pectoralis major-calvicular part
and deltoid-anterior. The shoulder adduction motion of the activity can be identied from
the activation of pectoralis major and teres major [see Fig. 6.6(b)]. Figure 6.6(c) depicts
that brachialis muscle can be used to identify the elbow exion motion in the activity. Sim-
ilarly, as depicted in Fig. 6.6(d) pronator teres can be used to identify pronation motion in
this activity. Some other experimental results can be found in [116].
By analysing the experimental results following conclusions are derived. Although
several muscles activate to generate upper-limb motions, sixteen upper-limb muscles can be
used to estimate the upper-limb motions. Simultaneous activation of two muscles involved
in wrist motions can uniquely identify the basic wrist motions. The identied muscles to
generate basic upper-limb motions are listed in Table 6.1.
6.2 Controller of the SUEFUL-6
The SUEFUL-6 is controlled by using the EMG signals of the user as the primary input
information. The signals of forearm force/torque sensors and hand force sensor are used as
subordinate input information for the controller. When the user EMG signal level is low the
force/torque sensor signals are used to control the SUEFUL-6. When the user EMG signal
level is high, EMG signals are used to control the SUEFUL-6. When the muscle activation
level of the user is medium combination of EMG signal, signals of forearm force/torque
sensors and hand force sensor are used to control the robot. By using input information as















ch.1: Deltoid-anterior part ch.8: Triceps-lateral head,
ch.2: Deltoid-posterior part ch.9: Pronator teres
ch.3: Pectoralis major-clavicular part ch.10: Supinator
ch.4: Teres major ch.11: Extensor carpi radialis brevis
ch.5: Biceps-short head ch.12: Extensor carpi ulnaris
ch.6: Biceps-long head ch.13: Flexor carpi radialis
ch.7: Triceps-long head ch.14: Flexor carpi ulnaris
Ground
(a) (b)
Figure 6.7: Locations of monitored muscles. (a) Front view of human body. (b) Rear view of
human body.
above, the error motions cause by the low EMG signal levels and the unexpected motion
cause by the external forces affecting the upper-limb of the user can be avoided. In order
to identify the 6DOF motions (shoulder vertical and horizontal exion/extension, elbow
exion/extension, forearm supination/pronation, wrist exion/extension and radial/ulnar
deviation), the EMG signals of 14 muscles (deltoid-anterior part, deltoid-posterior part,
pectoralis major-clavicular part, teres major, biceps-short head, biceps-long head, triceps-
long head, triceps-lateral head, pronator teres, supinator, extensor carpi radialis brevis,
extensor carpi ulnaris, exor carpi radialis, and exor carpi ulnaris, respectively from ch.1
to ch.14) are measured with electrodes [NE-101A, Nihon Koden Co.] through an am-
plier [MEG-6108, Nihon Koden Co.]. The locations of monitored muscles are shown
in Fig. 6.7. The shoulder vertical exion/extension is activated by deltoid-anterior part,
deltoid-posterior part, pectoralis major-clavicular part, and teres major. Deltoid-posterior
part and pectoralis major-clavicular part activate shoulder horizontal exion/extension. The
elbow exion/extension mainly activates by antagonistic muscles of biceps and triceps.
Wrist exion/extension and radial/ulnar deviation are activated by extensor carpi radialis
brevis, exor carpi radialis, extensor carpi ulnaris, and exor carpi ulnaris. In order to
extract the feature from the raw EMG signal, the RMS is calculated and used as an input
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signal to the controller. In this study, the number of samples and the sampling frequency are
set to be 100 and 2kHz, respectively in RMS calculation. Potentiometers and sensor sig-
nals have been ltered by a second order Butterworth lter (i:e:, maximally at magnitude
lter) with cut off frequency of 8Hz.
The relationship between the fourteen EMG RMSs and the desired joint torques for
the 6DOF upper-limb motions can be written as equation (6.1) if the posture of the upper-
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where ¿sv, ¿sh, ¿e, ¿f , ¿wf , and ¿wr are the torques for shoulder vertical exion/extension,
shoulder horizontal exion/extension, elbow exion/extension, forearm supination/ prona-
tion, wrist exion/extension, and wrist radial/ulnar deviation, respectively. ¿j is the desired
joint torque vector, ch:n is the RMS value of the EMG signal measured in channel n, wsvn
is the weight for nth EMG to estimate the torque for shoulder vertical exion/extension
motion, wshn is the weight for nth EMG to estimate the torque for shoulder horizontal
exion/extension motion, wen is the weight for nth EMG to estimate the torque for elbow
exion/extension motion, wfn is the weight for nth EMG to estimate the torque for forearm
pronation/supination motion, wwfn is the weight for nth EMG to estimate the torque for
wrist exion/extension motion, and wwrn is the weight for nth EMG to estimate the torque
for wrist radial/ulnar deviation. Since weight of equation (6.1) can be dened using the
knowledge of human upper-limb anatomy or the results of experiments, the desired joint
torque vector generated by muscle force can be calculated if every weight for the EMG
signals is properly dened. The calculated joint torque vector of the user is transferred to
the end-effector acceleration (i:e:, hand) force vector of the user using equation (6.2) in
order to realize a natural and smooth motion. Desired end-effector acceleration, ÄXd can be









Fc = (Fend + FAvg)=2 (6.4)
ÄXd = M
¡1Fc (6.5)
where Fend is the instantaneous hand force vector and J is the Jacobian matrix. The Ja-
cobian matrix of the SUEFUL-6 is derived in Appendix E.3. Average force vector, FAvg
of the previous instantaneous force vectors is calculated and hand force command vector,
Fc is derived from equation (6.4). In equation (6.5), M is the mass matrix of the human
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upper-limb and the robot. The following impedance control equation is used to nd the
resultant hand force vector.
FR = M ÄX +B( _X ¡ _Xd) +K(X ¡Xd) + f (6.6)
where FR is the resultant hand force vector, B is the viscous coefcient, K is the spring
coefcient, _X is the calculated end-effector velocity using measured joint angles, and f is
the external force which is zero if there is no external load. The resultant hand force vector
is then multiplied by the power-assist rate, Kpa and transferred to the joint torque vector.
The joint torques obtained from equation (6.7) are the torque command of each motor.
¿ = JT (KpaFR) (6.7)
6.3 Impedance Parameter Adjustment Method
Impedance parameters (B and K) in equation (6.6) are depend on the upper-limb posture
and activity levels of activated upper-limb muscles. Therefore, impedance parameters of
the controller have to be adjusted online. Following functions are proposed to adjust the
impedance parameters.
B = B0mBlB (6.8)
K = K0mK lK (6.9)
where B, B0,mB, and lB are the adjusted viscous coefcient, the initial viscous coefcient
at initial position when EMG levels of muscles are within the dened level, the effect from
EMG change, and the effect from posture change, respectively. K,K0,mK , and lK are the
adjusted spring coefcient, the initial spring coefcient at the initial position when EMG
levels of muscles are within the dened level, the effect from EMG change, and the effect
from posture change, respectively. mB andmK in equation (6.8) and (6.9) can be calculated
from following equations.
mB = ¸B £ (ch6)£ (ch8) (6.10)
mK = ¸K £ (ch6)£ (ch8) (6.11)
where ¸B and ¸K are the coefcients of EMG effect. ch:6 and ch:8 are RMS values of
biceps long head and triceps lateral head, respectively. Since the effect of posture change
(lB; lK) is non-linear and stochastic, fuzzy reasoning is applied to estimate the effect of pos-
ture change. Three fuzzy linguistic variables (NE: negative, ZO1: zero, and PO: positive)
have been dened for the distance along Cartesian axis X (Cartesian coordinate system of
the SUEFUL-6 is in Fig. 5.2 ). Another three fuzzy linguistic variables (ZO: zero, PS:
positive small, and PB: positive big) have been dened for the viscous coefcient and
the spring coefcient through each axis, and distance along Y axis. Sigmoid function has
been used as membership function for NE, PO, ZO, and PB where as Gaussian function
has been used as membership function for ZO1 and PS [equations (6.13)-(6.16)]. Fuzzy
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Table 6.2: Fuzzy IF-THEN rules to estimate lB and lK
Rule If Then
1 X=ZO and Y=ZO lBx =PB, lBy =ZO, lKx =PB, lKy =ZO
2 X=ZO and Y=PS lBx =PS, lBy =PS, lKx =PS, lKy =PS
3 X=ZO and Y=PB lBx =ZO, lBy =PB, lKx =ZO, lKy =PB
4 X=PO and Y=ZO lBx =ZO, lBy =PS, lKx =ZO, lKy =PS
5 X=PO and Y=PS lBx =ZO, lBy =PS, lKx =ZO, lKy =PS
6 X=PO and Y=PB lBx =ZO, lBy =PS, lKx =ZO, lKy =PS
7 X= NE and Y=ZO lBx =PB, lBy =PB, lKx =PB, lKy =PB
8 X= NE and Y=PS lBx =PB, lBy =PS, lKx =PB, lKy =PS
9 X= NE and Y=PE lBx =PS, lBy =PB, lKx =PS, lKy =PB
IF-THEN rules have been dened using the results found in literature [123]-[127] and con-
sidering the tendency of impedance parameter change with the posture. Table 6.2 shows
a set of dened fuzzy rules. In Table 6.2, X and Y are positions in Cartesian coordinate
system. lBx and lBy are postural change effects for viscous coefcient along x and y axis,
respectively. lKx and lKy are postural change effects for the spring coefcient along x and
y axis, respectively. Although many researches have been carrying out to dene upper-limb
impedance parameters [124]-[127], the impedance parameter change in z direction is yet
to be dened. Since upper-limb impedance parameter change in z direction is not available
in the literature, impedance parameter change in the z axis is not consider in here.
6.4 Muscle-Model Matrix Modication
The posture of the upper-limb has an effect on the relationship between the EMG signals
and the desired joint torques in equation (6.1) because of anatomical reasons such as change
of the moment arm [128]. Therefore, the effect of the postural difference of the upper-limb
must be taken into account to estimate the correct desired joint torque for the power-assist.
A neuro-fuzzy modier is applied to modify the muscle-model matrix [92] to take into ac-
count the effect of the upper-limb postural difference of the user. The neuro-fuzzy modier
is used to adjust the weight matrix in equation (6.1) by multiplying from coefcients in ac-
cordance with the upper-limb posture of the user, so that the effect of upper-limb postural
difference can be compensated, effectively. Weight value adjustment of the weight matrix
in equation (6.1) can be represented by the following equation.
wfinal = winitial £ (cw) (6.12)
where wfinal, winitial, and (cw) are the adjusted weight value, the initial weight value,
and coefcient of weight adjustment which is determined by the neuro-fuzzy modier in
Fig. 6.8. Each weight value of the weight matrix in equation (6.1) is adjusted using equation
(6.12). The architecture of the neuro-fuzzy modier is shown in Fig. 6.8. It is same as a
neural network. It consists of ve layers namely input layer, fuzzier layer, rule layer,
defuzzier layer, and output layer.




















































































Figure 6.8: Architecture of the neuro-fuzzy modier (muscle-model modier).
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6.4.1 Input Layer of Neuro-Fuzzy Modier
Input layer consists of twelve nodes. Six joint angles of shoulder, elbow, forearm, and wrist
are used as input information to the neuro-fuzzy modier. Each joint angle is divided into
three regions.
² The regions are dened as exed region (FR), intermediate region (IR), and extended
region (ER) for shoulder vertical exion/extension angle, shoulder horizontal ex-
ion/extension angle, elbow exion/extension angle, and wrist exion/extension angle.
² For the forearm supination/pronation angle the regions are named as pronated region
(PR), center region (CR), and supinated region (SR).
² The regions for the wrist radial/ulnar deviation are radial region (RR), center region
(CR), and ulnar region (UR).
6.4.2 Fuzzier Layer
Input information is fuzzied in this layer. The layer consists of eighteen nodes. Two
nonlinear functions (fG: Gaussian function and fS: Sigmoid function) are used to express













where wo is the threshold value, wi is the weight value, and x is the joint angle value. wo
and wi are estimated applying the same method used in subsection 4.5.2 in the chapter 4.
From the fuzzier layer, the degree of tness of each joint angle is sent to the rule layer.
6.4.3 Rule Layer
The rules for every combination of the joint angles are prepared in the rule layer. The initial
weight of each rule is set to be 1.0, so that the coefcient for every weight in equation (6.1)
is 1.0 at the beginning. The rule layer consists of 729 nodes in which each represents a
fuzzy rule. In the rule layer, ¼ represents the multiplication of the inputs.
6.4.4 Defuzzier Layer and Output Layer
The defuzzication is carried out in the defuzzier layer. Here, § is the summation of
inputs of the layer. Defuzzier layer includes 85 nodes and the output layer consists of
84 nodes. The output from the neuro-fuzzy modier is the coefcient [CW in equation
(6.12)] for each weight of the muscle-model matrix in equation (6.1). Consequently, the
weight matrix in equation (6.1) is adjusted online by the neuro-fuzzy modier according to
the upper-limb posture of the user at every sampling time during the control as illustrated
in Fig. 6.9. The output of the neuro-fuzzy modier is calculated similarly as in equation
(4.24) by dividing the weighted summation of the degree of tness by the summation of
the degree of tness of each rule.
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Figure 6.9: Online adjustment of the muscle-model matrix by the neuro-fuzzy modier.
6.4.5 Adaptation of Neuro-Fuzzy Modier
The adaptation of the neuro-fuzzy modier (muscle-model modier) itself to each user
is very important. Therefore, the neuro-fuzzy modier is trained to adapt itself to each
user using the information of the forearm force/torque sensor and wrist force sensor. The
adaptation of the muscle-model matrix itself is automatically performed for each person
when adjusting the weight matrix of equation (6.1). The output of the neuro-fuzzy modier
(CW ) is 1.0 for every weight value of the muscle-model matrix at the beginning. The error-
back propagation learning algorithm is applied to minimize the squared error functions, in
order to make the neuro-fuzzy modier adapt to each user. The squared error functions of









fs3 ¡ f 2fs1) (6.19)
where ffs1 is the measured forearm force vector obtained from the forearm force sensor,
ffs2 is the measured forearm torque vector obtained from forearm torque sensor, and ffs3 is
the measured wrist force vector obtained from wrist force sensor. The error function of the
forearm force vector in equation (6.17) is transferred to shoulder and elbow joints using the























First Stage Second Stage
Wrist angles
Figure 6.10: Structure of the controller of the SUEFUL-6.
Jacobian matrix. The error function of the forearm torque vector in equation (6.18) is used
to train forearm supination/pronation motion. The error function of the vector of the wrist
and forearm force deference in equation (6.19) is transferred to wrist exion/extension and
radial/ulnar joints using the Jacobian matrix.
6.5 Structure of the Controller
The structure of the controller is depicted in Fig. 6.10. The controller consists of two
stages: rst stage- input signal selection, and second stage- muscle-model-oriented EMG-
based impedance control. In the rst stage of the controller, proper input information for the
controller is selected in accordance with the muscle activity levels of the user. The muscle-
model-oriented EMG-based impedance control and/or sensor based control are selected in
this stage in accordance with the EMG RMS levels of the user muscles (ch.1-ch.5, ch.7,
ch.9-ch.11, ch.13, ch.14). When the user activates his muscles, EMG-based impedance
control is selected. According to the EMG RMS level of muscles, the sensor based control
is selected using the rules shown in Table 6.3. In Table 6.3, ZO is the `Zero' fuzzy linguistic
variable which can be dened for each EMG channel according to the EMG activity level
using the method explained in section 4.5 of chapter 4. In the second stage, EMG-based
impedance control (explained in section 6.2) is performed to control the SUEFUL-6. The
sensor signal based control is similar method that is used in section 5.5 of chapter 5. In
addition to the signals of the force sensors, forearm torque sensor signals are also used in
the sensor based control method in here.
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Table 6.3: Rules for controller selection
If Then(select sensor-based control for motion )
Ch.1=ZO and ch.4=ZO Shoulder vertical
Ch.2=ZO and ch.3=ZO Shoulder horizontal
Ch.5=ZO and ch.7=ZO Elbow exion/extension
Ch.9=ZO and ch.10=ZO Forearm pronation/supination
Ch.11=ZO and ch.13=ZO Wrist exion/extension
Ch.11=ZO and ch.14=ZO Wrist radial/ulnar
PC




















Figure 6.11: Experimental set-up to evaluate control method of the SUEFUL-6.
6.6 Evaluation of Power-Assist
Experiments have been carried out to evaluate the effectiveness of power-assist of the
SUEFUL-6 with the proposed control method. The experimental set-up is depicted in
Fig. 6.11. It consists of the SUEFUL-6 with the user, a personal computer (Intel Pentium 4,
3.06 GHz processor) with interface cards [RIF-171-1 and JIF-171-1, JustWare Co., Japan],
an EMG amplier, and a strain amplier. EMG electrodes are attached to the relevant loca-
tions [see Fig. 6.7] of the muscles of subjects. Amplied EMG and sensor signals are send
to the personal computer via interface cards. In the personal computer, controller calculates
the torque commands of motors according to the obtained EMG activity levels and sensor
signals. Calculated torque commands have been applied to the motor drivers. Motor drivers
actuate the motors according to the given torque commands and then the relevant upper-
limb motions are generated. Each joint motion is measured from encoders/potentiometers
and it also used as a feedback signal to the personal computer via the interface cards.
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Figure 6.12: An example experimental result of subject-A for neuro-fuzzy modier adaptation.
(a) Before the adaptation. (b) After the adaptation.
In the initial experiment, healthy male subjects (the age, weight, and height of sub-
jects respectively: subject A-29 years, 60kg, 176cm; subject B-27 years, 64kg, 170cm) per-
formed the daily activities of upper-limb without and with power-assist of the SUEFUL-6.
The EMG levels of the related muscles and motion angles were measured for both cases.
Each motion was carried out three times under the same conditions and measured values
were averaged. When the motions were performed without power-assist, sensor signal
based control [see section 5.5] was carried out to perform natural motions without distur-
bances. If the SUEFUL-6 assists the motions properly from the proposed control method,
the EMG levels of related muscles should be reduced when the robot assists the motions. At
rst, the neuro-fuzzy modier of the controller was trained for each subject by performing
cooperative upper-limb motions. The activity level of related muscles should be reduced to
generate the same motion, if the neuro-fuzzy modier is properly trained.
Figure 6.12 shows an experimental results of subject-A for neuro-fuzzy modier
adaptation as an example. It shows that the EMG level of biceps-short head is reduced
after the adaptation of neuro-fuzzy modier. The experimental results of the same sub-
ject for moving the upper-limb for drinking motion (bringing a cup from table to near the
mouth) is shown in Fig. 6.13. When the motion was carried out with the power-assist of
20% the average value of EMG RMS level of ch.1 has been reduced to 3.29, where as it
was 4.12 without the power-assist. From the experimental result, it can be seen that the
average value of EMG RMS levels have been reduced by 18.77% with the power-assist.
The experimental result of subject-B for the combined motions of upper-limb is depicted
in Fig. 6.14. In the experiment, when the motion was carried out with the assistance, 40%
power-assist was applied. Figure 6.14 shows that EMG RMS levels of related muscles have
been reduced with the power-assist. Second experiment has been performed to show the
effectiveness of impedance adjustment method. At rst, subject-A performed upper-limb
motions smoothly in the horizontal plane with sensor signal based control. When generat-
ing the motions the hand was moved along y direction as in the experiment of [123], [127].
Then same motion was carried out twice with sensor signal based control for medium and
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Figure 6.13: Experimental result of subject-A for moving the upper-limb for drinking motion. (a)


































Forearm supination/pronation angleShoulder horizontal angle Shoulder vertical angle Elbow angle
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Figure 6.14: Experimental result of subject-B for cooperative motions of upper-limb. (a) With



























Y Direction Distance (cm)
Actual Values
Estimated Values
Estimated valus for 
medium impedance
Estimated values for 
high impedance
Figure 6.15: Spring Coefcient for the motion along y direction
high upper-limb impedances (i:e:, strengthening the upper-limb). EMG RMSs of ch.6 and
ch.8 were measured for three cases. The impedance parameters were calculated using
equations (6.8) and (6.9). Calculated values and experiment results of [123], [127] were
plotted in the same graph (Fig.6.15). Figure 6.15 shows that the actual spring coefcients
[123], [127] and estimated spring coefcients from equation (6.9) are approximately equal.
In addition, the gure shows that the spring coefcient has been changed when the sub-
ject changes his upper-limb impedance by strengthening the limb. Therefore, the proposed
impedance parameter adjustment method can be used to adjust the impedance parameters.
6.7 Summary
This chapter proposed an EMG-based impedance control method for the SUEFUL-6 to as-
sist the 6DOF upper-limb motions of physically weak individuals. Experimental analysis
was performed with motion capture system to identify the upper-limb muscles to estimate
upper-limb motions. Analysis results indicated that only sixteen upper-limb muscles can
be used to estimate upper-limb motions. In the proposed control method, impedance con-
troller was applied to the muscle-model-oriented EMG-based control considering the hand
force vector. Impedance parameter adjustment method was also proposed for the controller.
In the control method sensor signal based control was applied not to disturb the motions
when the amount of the EMG activity levels were low. Muscle-model matrix modier was
applied to modify the muscle-model matrix to take into account the effect of upper-limb
posture difference. The error-back propagation learning algorithm was applied in order to
make the muscle-model modier to adapt for each user. Effectiveness of the power-assist of
the SUEFUL-6 with the proposed control method has been evaluated with different power-
assist rates by performing experiments with young healthy male subjects. In addition, the
adaptation ability of the neuro-fuzzy modier and the effectiveness of the impedance pa-
rameter adjustment method were evaluated by the experiments.
Chapter 7
Discussion
This chapter includes the conclusion of the thesis and a brief discussion together with the
future directions of this study. This thesis addressed the issues related to the development
and control of upper-limb exoskeleton robots to assist upper-limb motions of physically
weak individuals. It was motivated by the increasing need of assistive robots to assist
the daily motions of physically weak individuals and the opportunities available for the
technological advancement in exoskeleton robot technology. The major contributions of
this thesis are:
² the proposal of a naval 3DOF exoskeleton robot to assist human forearm supina-
tion/pronation, wrist exion/extension, and wrist radial/ulnar deviation with wrist
axes offset at wrist exion/extension axis and radial/ulnar deviation axis.
² the proposal of an EMG-based fuzzy-neuro control method with multiple fuzzy-neuro
controllers to control 3DOF exoskeleton robot.
² the design of a 6DOF human upper-limb motion assist exoskeleton robot for the
human motions of shoulder horizontal and vertical exion/extension, elbow ex-
ion/extension, forearm supination/pronation, wrist exion/extension, and wrist ra-
dial/ulnar deviation.
² the identication of the minimum number of muscles, for the estimation of daily
upper-limb motions, to develop EMG-based impedance control method
² the EMG-based impedance control method of the SUEFUL-6 which generates the
exible and natural motion assist.
7.1 Conclusion
The thesis consists of seven chapters: Introduction, Literature Review, Proposal of a 3DOF
Upper-Limb Exoskeleton Robot, Control Strategy of the 3DOF Exoskeleton robot, Devel-
opment of a 6DOF Upper-Limb Exoskeleton Robot, Impedance Control Method of the
6DOF Exoskeleton Robot, and the Discussion. Contributions of the thesis and the conclu-
sion of each chapter are stipulated as below.
Chapter 1 explained the motivation behind the work of the thesis with a brief intro-
duction at the beginning.
The second chapter covered the background information of upper-limb exoskeleton
robots and the literature review. The biomechanics of human upper-limb towards the de-
sign of an upper-limb exoskeleton robot were described. In addition, the requirements,
design difculties, performance evaluation methods, and actuation and power transmission
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technologies of upper-limb exoskeleton robots were explained. Most of the design dif-
culties are posed by the anatomy of the upper-limb. A brief description of exoskeleton
robot classication found in the literature was provided. In this thesis classication of the
upper-limb exoskeleton robots were based on the type of the actuators used in mechani-
cal design namely electric motors, pneumatic actuators, and hydraulic actuators. So far
many upper-limb exoskeleton robots have been developed. However, many issues are still
to be solved to use them as commercialized products. In the literature review, issues such
as biomechanically similar motion generation, safety, accurate estimation of joint torques
using the EMG signals, and generation of natural motion assist were identied.
The contribution of the chapter 3 was the proposal of the W-EXOS: a 3DOF power-
assist exoskeleton robot for the motions of forearm supination/pronation, wrist exion/
extension and wrist radial/ulnar deviation. Mechanical design of the W-EXOS was fully
explained including the mechanism and mechanical design, actuators and sensors, power
transmission, and the electrical circuit. Safety aspects of the W-EXOS were also described.
The mechanical design of the W-EXOS was evaluated experimentally by conrming the
motion generation, movable range, and controllability.
Chapter 4 of this thesis provided a proposal of an EMG-based fuzzy-neuro control
method to control the W-EXOS. The proposed control method employed in multiple fuzzy-
neuro controllers which are switched moderately according to the angles of motions. The
main assumptions of the controller are the EMG signals can be detected and tremors are
absent in the upper-limb of robot user. Six muscles were selected for the control method
through experiments and muscle combinations were identied to characterize each motion.
Fuzzy IF-THEN control rules were designed through experiments which were performed to
nd out the relationship between EMG activity levels and generated joint torques. Designed
fuzzy rules can distinguish forearm and wrist motions. Ten fuzzy-neuro controllers were
applied in the control method. Effectiveness of the power-assist of the proposed control
method has been evaluated with different power-assist rates (20%, 40%, and 55%) through
experiments. When 20% power-assist rate was applied 18.61% reduction of average value
of EMG RMS was observed in extensor carpi radialis brevis muscle for the combined
motion of wrist extension and radial deviation. For the same motion, 18.68% averaged
EMG RMS value reduction was observed in extensor carpi ulnaris muscle. Similar results
were obtained for other experiments as well. The effectiveness of the adaptation ability
of the proposed control method has been experimentally evaluated. The proposed control
method was found to be effective to assist human forearm and wrist motions and it can be
used irrespective of the user.
A 6DOF upper-limb exoskeleton robot was proposed in the chapter 5. The mechan-
ical design of the SUEFUL-6 was explained in this chapter. Experimental results showed
that the SUEFUL-6 can generate shoulder horizontal and vertical exion/extension, el-
bow exion/extension, forearm supination/pronation, wrist exion/extension, and wrist ra-
dial/ulnar deviation within the designed movable ranges.
Chapter 6 proposed an EMG-based impedance control method. At the outset of the
chapter, an experimental analysis was performed with a motion capture system to identify
the useful upper-limb muscles to extract EMG signals and thereby to estimate upper-limb
100 7. DISCUSSION
motions. Analysis results revealed that only sixteen upper-limb muscles can be used to esti-
mate assisted upper-limb motions of the SUEFUL-6. Also simultaneous activation of a pair
of muscles involved in wrist motions can distinguish the basic wrist motions. An impedance
controller was applied to the muscle-model-oriented control considering the end-effector
force vector (i.e., hand motion vector). Impedance parameter adjustment method was pro-
posed in the controller. In the control method, sensor signals based control was applied to
eliminate possible disturbances for the motions when the EMG activity levels were low.
Muscle-model matrix modier was applied to modify the muscle-model matrix by consid-
ering the effect of upper-limb postural differences of the user. The error-back propagation
learning algorithm was applied in order to adapt the muscle-model modier to each user.
Experimental results showed that the adaptation ability of of Muscle-model matrix modi-
er. Experimental results of moving the upper-limb for the drinking motion showed that
averaged EMG RMS value of Deltoid-anterior part was reduced by 18.77% at 20% power-
assist rate. Other experiment results also demonstrated similar phenomena. The experi-
mental results proved that the SUEFUL-6 was able to assist the upper-limb motions from
the proposed EMG-based control method.
7.2 Discussion and Future Directions
The work presented in the thesis addressed the issues related to upper-limb power-assist
exoskeleton robots. The performance of the proposed mechanical designs and the con-
trol strategies can be investigated for further improvement. This section presents a brief
discussion and the ways of extension of the work of this thesis.
1. The mechanical designs of theW-EXOS and the SUEFUL-6 have been evaluated with
young healthy male subjects. Also the EMG-based control methods of the W-EXOS
and the SUEFUL-6 have been evaluated with young healthy male subjects. Even
though the evaluation of mechanical designs are adequate with young healthy male
subjects, the control methods of both exoskeleton robots have yet to be evaluated with
the physically weak individuals (aged, injured or slightly disabled). However, almost
similar effectiveness can be expected even with the physically weak individuals since
the both control methods have the adaptation ability. So far the 6DOF exoskeleton
robot has been installed in a experimental set-up on an un-mobile platform. However,
ideally it should be attached on a wheel chair. For that, the electrical circuit of the
SUEFUL-6 has to be modied to be suitable for the wheel chair.
2. Although it is assumed that the tremors are absent in the upper-limb of physically
weak persons, most aged people have tremor in their limbs. Therefore, a tremor
suppression algorithm should be developed for the proposed control methods. After
suppressing the tremor the control methods can be applied directly for the power-
assist.
3. As explained in the chapter 2, human upper-limb mainly consists 7DOF. So that any
exoskeleton robot which is directly attached to the upper-limb should have 7DOF
to generate biomechanically identical motions of human upper-limb. The hardware
design of the SUEFUL-6 can be further extended by adding another DOF for the
shoulder internal/external rotation. Currently, some research work is being carrying
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out to add shoulder internal/external rotation for the SUEFUL-6. In the daily activi-
ties of upper-limb, rm grasping of objects is very important. Therefore, it is vital to
add a nger motion assist mechanism for the SUEFUL-6 to manipulate object grasp-
ing. However, when adding another several DOF for the SUEFUL-6 the mechanical
design will be more complex. Therefore, with the increasing of DOF, design opti-
mization should also be carried out carefully.
4. In the proposed designs, the wrist joint has been designed considering the axes offset
of wrist exion/extension axis and radial/ulnar deviation axis. Although it is consid-
ered that wrist joint motions are generated with respect to two axes, some researchers
were found that the motions are generated with respect to four axes [23]. The wrist
exion axis and the extension axis are different. Similarly, the radial deviation axis
and the ulnar deviation axis are also different. Therefore, the wrist joint of the ex-
oskeleton robot can be further modied by implementing the four axes of rotation.
This is important for a wrist joint exoskeleton robot since human wrist is highly sen-
sitive to the changes in position and torque [45]. However, in this case, the complexity
of the design may increase. Therefore, the design optimization becomes indispens-
able to cope up with increasing complexity.
5. The weight and size of the upper-limb exoskeleton robots have to be reduced appre-
ciably so that the system can be easily wearable and portable even without attaching
to the wheel chair of the disabled person. It is not easy to assist the human natural
upper-limb motions mechanically from the outside of human body, although many
upper-limb robot structures have been proposed. Therefore, the upper-limb robotic
structures should be biomechanically investigated. Since light weight and efcient
power supplies, actuators and transmissions are essential to develop portable and
more user friendly upper-limb exoskeleton robots, the future work should be directed
to develop more efcient technology for power supplies, actuators, and transmission
systems. Since the exoskeleton robots are directly attached to the human body the
safety should be considered very carefully. The upper-limb exoskeleton robot must
be designed not only to be safe but also to appear safe from the user's point of view.
6. Assistive robotics and rehabilitation robotics are closer elds which have been ad-
dressing the welfare of the physically weak people. The same exoskeleton robots
that were designed to assist human upper-limb motions can be used to rehabilitate the
upper-limb of physically weak persons. Therefore, the W-EXOS can also be applied
for wrist joint rehabilitation purpose. Similarly, the SUEFUL-6 can be used to reha-
bilitate whole upper-limb joints of physically weak persons. Further research can be
carried out to develop rehabilitation algorithms to rehabilitate the upper-limb of dis-
abled people. The W-EXOS and the SUEFUL-6 can be used as the hardware device
in implementing rehabilitation algorithms.
7. At present, the brain-machine interface technology is developed to a satisfactory level.
Therefore, the brain signals can be used to control the exoskeleton robot according
to the motion intention of the user. Combination of the brain signals and the muscle
signals are also candidates for inputs of the future exoskeleton controllers.
Appendix A
Engineering Drawings of the























Figure A.1: CAD model of the W-EXOS and the SUEFUL-6. Main parts of the W-EXOS and
the SUEFUL-6 are numbered in here. Same numbers indicate identical parts of both


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Diagrams of the 3DOF Exoskeleton
Robot
The detailed wiring diagram, power diagram, and signal diagram are illustrated here.




Strain  gauges Bridge box
Motor
Force sensor
24 V + 12 V 5 V Power ground
Analogue signal Digital signalMotor +/- 24V Motor +/- 12V






Figure B.1: Details of the wiring diagram of the W-EXOS. Each wire is indicated by a coloured
line.
117
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Power ground
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Signal ground
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Figure B.2: Power diagram of the W-EXOS.


















Analogue signal Digital signal Unknown signal
Motor drivers
EMG ampStrain amp
Figure B.3: Signal diagram of the W-EXOS.
Appendix C
Programming Codes
C.1 Butterworth Filter Design
a0 + a1f(s¡ 1) + a2f(s¡ 2) = b0SS(s) + b1SS(s¡ 1) + b2SS(s¡ 2) (C.1)
where a0, a1, a2 - Filtered signal parameters obtained from MatLab
b0, b0, b0 - Sample signal parameters obtained from MatLab
f(s), f(s¡ 1), f(s¡ 2) are current, one sampling time previous, and two
sampling time previous ltered signal respectively.
SS(s), SS(s¡ 1), SS(s¡ 2) are current, previous, and two sample previous
sampling signal respectively.
C.1.1 MatLab Codes for Butterworth Filter
[b; a] = butter(N;!n) (C.2)






where fc is cutoff frequency, fs is sampling frequency. In this study, fc=8 Hz, fs=2000Hz,
n=2.
C.2 Microsoft Visual C++ Codes for Fuzzication
Microsoft Visual C++ codes used for the fuzzication in the control program are stipulated
below as it is.
/*** Functions for translation from linear function to sigmoid function ***/




double sig wo (double x1 , double ¸1 , double wi)
f
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return((-1.0)*log(1.0/¸1-1.0)-wi*x1);
g
/*** Functions for translation from linear function to Gaussian function ***/




/*** when ***/ ¸1 = H:rate, ¸2 = L:rate, ¸3 =M:rate
x1 = w5, x2 = w3, wo = (¡)w3, x3 = (w3 + w4)=2
wi(PB) =sig wi(w5 , H:rate , w3 , L:rate);
wi(PS) =gau wi(¡w3+(w3 + w4)=2 ,M:rate);
wi(ZO) =sig wi(w1 , H:rate , w3 , L:rate);
wo(PB) =sig wo(w5 , H:rate , wi(PB));
wo(PS) = (¡)w3;
wo(ZO) = sig wo(w1 , H:rate , wi(ZO));
uS(PB) = wo(PB) + wi(PB)EMG RMS;
uG(PS) =(wo(PS)+ EMG RMS)=wi(PS);
uS(ZO) = wo(ZO) + wi(ZO)EMG RMS;
fS(PB) = (1:0=(1:0 + exp(uS(PB) ¤ (¡1:0))));
fG(PS) = exp((uG(PS) ¤ uG(PS)) ¤ (¡1:0));
fS(ZO) = (1:0=(1:0 + exp(uS(ZO) ¤ (¡1:0))));
Denition of functions fS , uS , fG , and uG are in equations (4.3) to (4.6) in the chapter 4.
w1 to w5 in above programming codes are dened in Fig. C.1 below. The values of w1 to
w5 of each channel (i.e., each muscle) are given in Table C.1.
The values of v1 to v9 of force/torque sensor signals are given in Table C.2. v1 to v9
of equations (4.14) to (4.23) are dened in Fig. 4.10(b) in the chapter 4.
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Figure C.1: Membership functions of fuzzy linguistic variables.
Table C.1: EMG RMSs for membership functions of muscles
Channel w1 w2 w3 w4 w5
ch.1 0.45 0.15 0.60 0.90 1.50
ch.2 0.50 1.00 1.50 2.00 3.50
ch.3 0.35 1.10 1.45 1.80 3.25
ch.4 0.40 0.90 1.30 1.70 3.00
ch.5 0.30 1.00 1.30 1.60 2.90
ch.6 0.30 0.55 0.85 1.15 2.00
Table C.2: Sensor signal values for membership functions
Sensor signal v1 v2 v3 v4 v5 v6 v7 v8 v9
T -3.00 1.50 -1.50 1.50 0.00 1.50 1.50 1.50 3.00
Fy -2.50 1.50 -1.00 1.00 0.00 1.00 1.00 1.50 2.50
Fz -2.00 1.00 -1.00 1.00 0.00 1.00 1.00 1.00 2.00
Appendix D
Diagrams of the SUEFUL-6
The detailed wiring diagram, power diagram, and signal diagram of the SUEFUL-6 are
given below.
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24 V + 12 V
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Figure D.1: Details of the wiring diagram of the SUEFUL-6. Each wire is indicated by a coloured
line.
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Figure D.2: Power diagram of the SUEFUL-6.






































Analogue signal Digital signal
Motor drivers Motor drivers
EMG ampStrain amp
Figure D.3: Signal diagram of the SUEFUL-6.
Appendix E
Kinematics of the SUEFUL-6
Simplied kinematic model of the SUEFUL-6 is presented in this chapter. Kinematic equa-
tions and the Jacobian matrix are also derived. The main assumption in deriving the kine-
matic model is that the robot and the user arm act as one object. All the mechanisms are
taken in their simplied forms.
E.1 Simplied Kinematic Model
Fig. E.1 shows a simplied model of a 7DOF exoskeleton system. It consists 3DOF in
the shoulder, 2 in the elbow, and another 2 in the wrist. Since the SUEFUL-6 does not
have shoulder rotation motion, by equalizing shoulder rotation angle to zero (µsr = 0), the
simplied kinematic model of the SUEFUL-6 can be obtained.





















Figure E.1: Simplied model of a 7DOF exoskeleton system.
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Figure E.2: Projected views of the SUEFUL-6 in three planes. (a) XY plane. (b) YZ plane. (c)
XZ plane.
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E.2 Kinematic Equations
Nomenclature
(x; y; z) :Robot end effector position in the Cartesian coordinate system
Áxy :Robot end effector angle in XY plane
Áyz :Robot end effector angle in YZ plane
Ázx :Robot end effector angle in ZX plane
µi : Actual joint angle
lj : Actual lengths of the links
®1 : Shoulder angle in the XY plane
®2 : Elbow angle in the XY plane
®3 : Wrist exion/extension angle in the XY plane
®4 : Wrist radial/ulnar angle in the XY plane
¯1 : Shoulder angle in the YZ plane
¯2 : Elbow angle in the YZ plane
¯3 : Wrist exion/extension angle in the YZ plane
¯4 : Wrist radial/ulnar angle in the YZ plane
°1 : Shoulder angle in the ZX plane
°2 : Elbow angle in the ZX plane
°3 : Wrist exion/extension angle in the ZX plane
°4 : Wrist radial/ulnar angle in the ZX plane
Ai : Projected link lengths in the XY plane
Bi : Projected link lengths in the YZ plane
Ci : Projected link lengths in the ZX plane
f(µi; :::); g(µi; ::); h(µi; ::): Functions of µi; :::
i = sh; sv; sr; e; fa; wfe; wru
j = ua; fa; off; ha
Subscripts
sh : Shoulder horizontal
sv : Shoulder vertical







off : Wrist axes offset
ha : Hand
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Kinematic equations of the SUEFUL-6 are derived by considering the projected
views of the SUEFUL-6 in XY, YZ, and XZ planes. The equations applicable to the XY
















































®2= f2(µsh; µsr) (E.5)
®3= f3(µwfe; µfa) (E.6)
®4= f4(µwru) (E.7)
Aua= luaf5(µsv) (E.8)
Afa= lfaf6(µsv; µsr; µe) (E.9)
Aoff = lofff7(µsv; µsr; µe; µfa; µwfe) (E.10)
Aha= lhaf8 (µsv; µsr; µe; µfa; µwfe; µwru) (E.11)
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where,
¯1= g1(µsv) (E.15)
¯2= g2(µsr; µe) (E.16)
¯3= g3(µwfe; µfa) (E.17)
¯4= g4(µwru) (E.18)
Bua= luag5(µsh) (E.19)
Bfa= lfag6(µsh; µsr) (E.20)
Boff = loffg7(µsh; µsr; µfa; µwfe) (E.21)
Bha= lhag8(µsh; µsr; µfa; µwfe; µwru) (E.22)



















































Cua= luah5(µsh; µsv) (E.30)
Cfa= lfah6(µsh; µsv; µsr; µe) (E.31)
Coff = loffh7(µsh; µsv; µsr; µe; µfa; µwfe) (E.32)
Cha= lhah8(µsh; µsv; µsr; µe; µfa; µwfe; µwru) (E.33)
E.3 Jacobian Matrix
Equations E.1, E.2, E.3, E.13, E.14, and E.25 are used to derive the Jacobian matrix for
the SUEFUL-6. The derivation of equations E.1, E.2, E.3, E.13, E.14, and E.25 are given
below.
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The relationship between end-effector (center of the palm holder) velocity and the
joint velocity can be written in the following equation.
_r = J _µ (E.40)
where r, J , and µ are end-effector position vector, Jacobian matrix and angular position



















The Jacobian matrix for the SUEFUL-6 is given bellow.
J =
26666664
»11 »12 ::: »15 »16
»21 »22 ::: »25 »26
»31 »32 ::: »35 »36
»41 »42 ::: »45 »46
»51 »52 ::: »55 »56
»61 »62 ::: »65 »66
37777775 (E.43)
»ij; (i; j = 1; 2; :::; 6) can be calculated from the equations E.34 to E.39.
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